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it  also  consisted  of  development  of  heat-treat  processes  to  optimize 
machitiability  and  of  a comprehens ive  materials  test  program.  Finally, 
the  program  included  the  machining  of  a full-scale  test  article  from  a 
forging  provided  by  the  Air  Force  from  another  portion  of  the  program, 
and  the  fatigue,  damage  tolerance,  and  static  residual  strength  testing 
of  the  full-scale  article.  In  addition,  validation  of  the  production 
cost  reduction  was  a prime  objective. 


During  testing,  cracks  developed  which  were  subsequently  analyzed  as 
being  the  result  of  excessive  deflections.  .An  in-test  repair  was 
accomplished,  and  the  testing  was  successful 1>’  completed. 


FOREWORD 


This  report  summarizes  the  work  accomplished  on  Air  Force  contract 
F33615-75-C-3109,  "Lower  Cost  by  Substituting  Steel  for  Titanium,"  during  the 
period  of  27  August  1975  to  1 October  1978. 

The  program  was  jointly  sponsored  by  the  Air  Force  Flight  D)Tiamics  Labo- 
ratory and  Air  Force  Material  Laboratory,  Air  Force  Systems  Command,  Wright- 
Patterson  Air  Force  Base,  Ohio.  Mr.  George  Estill,  AFFDL,  and  Mr.  W.  Harris, 
AFML,  were  the  Air  Force  project  engineers. 

Performance  of  the  contract  was  under  the  direction  of  the  Rockwell 
International  Los  Angeles  Division,  815  Lapham  Street,  El  Segundo,  CA  90245. 
Mr.  C.  Routh  was  program  manager  during  phases  I and  II  of  the  program.  Fol- 
lowing Mr.  Routh's  retirement,  Mr.  D.  Parker  was  appointed  program  manager. 
Mr.  G.  Bennett,  in  addition  to  his  supporting  activities  in  Materials  and 
Processes,  performed  the  project  engineering  function.  Mr.  R.  Robelotto  was 
responsible  for  the  mach inability/heat -treatment  studies.  Major  Rockwell 
participants  in  the  program  were: 
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Universal  Cyclops,  and  W.  Kuhlman,  of  Alcoa,  in  providing  the  forging  and 
supporting  data  in  a timely  manner. 
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AF1410,  a new  high-strength,  high- toughness  steel,  has  been  developed  by 
the  Air  Force  as  a low-cost  substitute  for  ;mncalcd  Ti-hAl-4V  (Reference  1). 
The  steel  is  readily  weldable  after  heat  treatment,  exhibits  a minimum  _ of 
130  ksi\/Tn.  at  230  ksi  yield  strength,  and  on  a strength/density  basis, 
demonstrates  properties  equal  or  slightly  superior  to  annealed  Ti-()A]-4\'.  To 
demonstrate  the  cost-saving  potential  of  this  alloy  for  airframe  construction, 
the  Air  Force  Flight  Dynamics  Laboratory  initiated  contract  F33bl5-75-C-3100 
with  the  Los  Angelos  Division  of  Rockwell  International  to  select  a typical 
titanium  fitting,  design  an  .4F1410  substitute  part,  and  demonstrate  the 
structural  integrity  and  cost-saving  potential  of  the  AFT410  fitting. 

The  program,  which  was  assigned  the  acronym  of  LCXiOSST  [LOwer  COst  by 
Substituting  Steel  for  Titanium),  was  conducted  in  five  phases: 

Phase  I:  Preliminary  Design 

Phase  II:  Detail  Design  and  Development  Test  Program 

Phase  III:  Fabrication  of  Test  Component 


Phase  IV : Component  Test 
Phase  V:  Technology  Transfer 

Included  in  the  study  was  the  development  of  mechanical  property  design  values, 
heat -treatment  and  machinability  improvement  studies,  fabrication  of  the 
AF1410  test  component,  cost  comparisons  with  titanium,  and  a full-scale  spec- 
trum fatigue  test  of  the  ;\I'1410  fitting  to  demonstrate  its  structural 
integrity. 

This  is  the  final  report  on  the  program,  and  contains  detailed  data  and 
results  obtained  in  phases  III  and  IV.  Results  of  the  phase  II  effort,  which 
are  contained  in  Reference  2,  arc  summarized  herein  to  assist  the  reader  in 
conceiving  the  full  scope  of  the  program. 
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Section  II 


I’lLXSH  I - I’WiLIMINARY  HI  S ICY 


A 15-month  prcliminaiy  design  stud)'  was  conducted  representing  jduise  1 of 
the  program  to  validate  .-Vl'lilO  steel.  During  this  jdiase  of  the  program,  a 
screening  of  existing  titanium  fitting  candidates  and  selection  of  tliree  for 
the  preliminar)'  study  was  accomplished.  A cost  baseline  for  each  was  estab- 
lished which  included  actual  costs  for  the  first  jiart,  where  available,  and 
projected  to  a 500-unit  cumulative  average  cost  for  production  comparison. 

Many  innovative  substitute  designs  were  proposed  from  wliich  new  design 
concepts  using  .Al-ldlO  steel  were  selected  through  a cost  and  risk  grading 
process.  The  selected  design  concepts  were  developed  into  scale  layouts  and 
analyzed  for  aircraft  loads,  fracture  mechanics,  weight,  manufacturing  feasi- 
bility, and  cost. 

A development  test  plan  was  prepared  for  conducting  a comprehensive  test 
program  to  establish  .\J  1410  material  allowables,  fracture  toughness,  and 
fatigue  characteristics  and  to  verify  the  fracture  mechanics  analysis  results 
during  phase  I t . 


OB.JECTI\TS 

The  primaiy  objective  of  phase  I was  to  lay  a foundation  on  which  the 
other  phases  could  be  built.  In  order  to  do  this,  several  other  objectives 
were  established,  as  follow's; 

1.  Select  tliree  candidate  fittings  of  6Al-4\'  titanium  from  tlie 
current  list  of  B-1  structure  which  are  subjected  to  high  load 
intensity  and  fatigue  cycles. 


2.  Establish  cost  baselines  for  each  candidate  item  based  on  actual 
cost,  where  available,  for  the  first  B-1  part  and  on  estimated  pro- 
duction cost  projected  to  a 300-unit  cumulative  average  cost. 

3.  Develop  innovative  substitute  designs  of  each  candidate  item  using 
A11410  steel  and  ex7)loring  the  use  of  u'clding  as  a cost  and  weight 
advantage. 


4.  Estimate  single-  and  300-unit  cumulative  average  costs  of  M'lllO 
substitute  designs  for  direct  comparison  with  the  titaniimi  baseline 
costs.  A cost  saving  objective  of  30  percent  on  production  values 
was  established. 
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5.  Prepare  a comii rehens ivc  development  test  plan  for  :i  subse(!uent 
tc.-tinf.',  proyr:uii  uliich  will  establisli  AI’Mlb  st-'^'l  basic  'iesiap.  aliow- 
ables,  I'atipuo  ‘ind  fracture  mechanics  chai'acU  rist  ics , v.eid  data,  and 
the  effects  of  manufacturing  processes  on  these  data.  Addi tionaliv, 
an  optimum  premachining  heat  treatment  was  to  be  dcvciopeil  in  phase  I 

6.  rrei)are  a preliminary  manufacturing  plan  for  subsecpient  fabrication 
of  full-scale  components  for  static  and  fatigue  testing. 

7.  Culminate  the  results  of  the  phase  I effort  into  a prcliminan,'  design 
report  documenting  all  data  obtained  from  studies  and  tests  performed 
during  this  first  15-month  phase. 

A task/event  flow  diagram  is  shown  in  I'igure  1,  which  identifies  the 
significant  tasks  and  their  rclation.ship  to  each  other. 


QWDIDATh  rriAI  ShLlxmON' 


A search  throughout  the  B-1  .A/C-l  and  DVi-l  airframe  was  conducted  to 
find  titanium  fittings  or  assemblies  that  would  meet  the  following 
requirements ; 

1.  Must  have  reasonably  high  load  intensity 

2.  Should  be  a forging,  hogged-out  machine  iiart,  or  diffusion-bonded 
assembly' 

.3.  I'abrication  should  be  possible  in  steel  by  current  metliods  and  avail- 
able cqui])ment 

4.  Must  Irive  a ])otential  for  cost  reduction,  both  by  sim]ilification  of 
design  and  nuaterial  cost 

5.  Preferably  subject  to  a substantial  fatigue  spectrum  to  demonstrate 
fracture  mechanics  qualities  in  steel 

6.  Costs  of  fabrication  and  testing  must  be  commensurate  with  the  avail- 
able AP  budget 

A total  of  13  parts  were  found  that  appeared  to  meet  the  aforementioned 
conditions : 

LI  100029  Pitting  - shear,  pivot  ]nn,  outboard 

1.1100030  P'itting  - shear,  inboard  pivot  pin,  assy  of 

1,1100036  Retainer,  bearing  - lower  outboard  lug,  wing  jiivot 
1,2100033  Support,  bearing  - main  box,  horiz  stab,  assy  of 


L3003015 

L3004251 

L3007214 

L3007251 

L3202364 

L3200402 

L3200403 

L3200444 

L6310010 


Rib  - Wing  center  section  closeout 

Beam,  support  - nacelles  Yf  1256  and  Yf  1244 

bitting  - wing  sweep  actuator,  inboard  attach 

Fitting,  support  - drag  brace,  MLG,  assy  of 

Fitting,  nacelle  center  beam  - Y^  336.25  - canted 

Frame,  nacelle  - upper  station  265.250,  firewall 

Fitting  - nacelle  bulkhead,  Y^  265.250  canted  lower  center 

Fitting,  nacelle  - center  beam  Yj^  293.650  canted  upper, 

assy  of 

Arm,  swing  - weapons  bay  door 


Part  L3004251  is  only  one  frame  of  the  L3004250  nacelle  support  beam 
assembly  which  was  chosen  in  its  place.  Joint  AF/Rockwell  meetings  were  con- 
ducted to  select  three  parts  from  this  list  of  13  candidates. 


Comparisons  of  cost,  load,  and  fatigue  data  of  the  parts  resulted  in  the 
selection  of  three  that  best  met  tlie  requirements  within  the  scope  of  the 
program : 

1.  L1100030,  wing  pivot  inboard  shear  fitting 

2.  L3004250,  nacelle  support  beam  assembly 

3.  1.3007214,  wing  sweep  actuator  inboard  attach  fitting 


SUBSTnilTF.  DF.SIGN  CONCFJ’TS  .AND  SFJ.F.CTION  PROCESS 


F.ngineering  design  developed  as  many  design  concepts  in  the  form  of 
sketches  as  could  be  conceived  of  the  three  selected  candidate  items,  substi- 
tuting .■\F1410  steel  for  the  6A1-4V  titanium  material  currently  used.  The 
resulting  effort  produced  19  concepts  for  the  nacelle  support  beam  assembly, 

14  for  the  wing  sweep  actu<ator  inboard  attach  fitting,  and  six  for  the  wing 
pivot  inboard  shear  fitting.  These  were  evaluated,  and  the  number  was 
selectively  narrowed  down  to  nine  (throe  concepts  on  each  candidate  item). 
•Vlditional  refinement  and  trade  data  were  developed  on  each.  To  select  a pre- 
ferred concept  of  the  three,  a cost/risk  grading  factor  chart  was  then  estab- 
lished that  provided  a system  of  grading  for  four  cost  factors  and  four  risk 
factors  (Figures  2 and  3).  Cost  factors  were  tooling,  machining  or  fenning, 
welding,  and  material  loss.  Risk  factors  were  structural  integrity  in  seatic 
and  fatigue,  weight  increase  as  compared  to  the  R-1,  and  fabrication  risks. 

■A  meeting  was  held  to  select  the  best  concept  based  on  evaluation  data  pre- 
sented and  best  judgment  of  each  representative.  The  results  were  included  on 
the  chart  for  overall  review.  Functions  represented  w'erc  engineering  design, 
stress,  fatigue  and  fracture  mechanics,  materials  and  producibi lity , and  manu- 
facturing engineering.  Grading  was  on  the  basis  of  numbered  levels  of  cost  or 
risk,  from  1 (low)  to  10  (high). 


5 


:r  •i'A  r! 


2.  Cost  factor  gi'ading  chart. 
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DESIGN  LAYOUTS  AND  ANALYSES 


After  the  selection  of  substitute  design  concepts  which  showed  greatest 
possibility  of  cost  savings  was  made,  each  design  was  layed  out  to  scale  and 
sized  in  accordance  with  the  same  load  and  stiffness  requirements  as  the  base- 
line part.  This  permitted  detail  stress,  weight,  and  fracture  mechanics  ana- 
lyses to  be  made. 


SHEAR  FITTING 

Layout  drawing  3109-100000B,  Figure  4,  was  designed  to  replace  the  e.xist- 
ing  titanium  part  without  change  to  interfacing  structure.  Attaching  bolts 
and  bearing  blocks  are  reduced  in  length  to  match  the  thinner  steel  fitting. 

A relocation  of  the  strut  attach  hole  can  be  accommodated  by  a simple  adjust- 
ment of  the  strut  length.  System  mounting  bracket  holes  have  not  been 
changed . 

The  substitute  design  is  cylindrical  in  shape  and  is  included  within  one- 
third  of  a cylinder.  Two  rolled  ring  forgings  are  butt  welded  together  to 
form  the  required  cylinder  which  can  be  lathe  turned  inside  and  out.  Strut 
lugs  and  mounting  brackets  are  welded  in  place,  and  final  cleanup  machining  is 
done  after  welding.  The  cylinder  assembly  is  then  cut  into  three  segments, 
and  the  edges  finished  and  holes  drilled  and  broached. 


ACTUATOR  ATTACH  FITTING 

Layout  drawing  3109-100001D,  Figure  5,  was  designed  as  a welded  truss 
assembly  of  11  separate  parts.  The  primary  load-carrying  lugs  and  truss 
members  are  each  machined  as  one  piece  from  thick  plate.  The  base  is  sculp- 
tured from  a separate  plate  and  joined  to  the  lug  members  at  both  ends.  The 
design  of  these  parts  permits  arbor  gang  milling  and  shallow  end  milling.  The 
remaining  parts  require  only  a minimum  of  trim  and  surface  machining  for  weld- 
ing fitup.  Lug  bushings  are  included  as  a part  of  the  fitting  assembly. 

The  interface  structure  will  require  minor  changes  in  the  base  attaching 
hole  locations  on  YF  932.00  bulkhead  and  in  the  attachment  to  XF  114.916  rib 
near  the  fitting  lugs. 

Layout  drawing  3109- 100003A,  wing  sweep  actuator  inboard  attach  fitting 
(forged)  (Figure  6),  is  a machined  forging  concept  which  was  conceived  to 
improve  the  low-cost  saving  which  resulted  from  the  welded  truss  design.  It 
includes  a more  direct  load  path  for  the  lug  loads  and  more  closely  simulates 
the  baseline  design.  All  welding  is  eliminated,  resulting  in  a significant 
increase  in  cost  saving. 
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NACELLE  SUPPORT  BFjVI 


Layout  drawing  3109-100002C,  Figure  7,  is  a welded  box  beajn  concept  made 
up  of  numerous  bits  and  pieces  welded  into  two  main  frame  assemblies.  These 
are  then  tied  together  with  upper  and  lower  cap  close-out  sheets  and  internal 
link  attach  fittings.  It  is  designed  to  interface  with  existing  structure 
with  only  attaching  bolt  grip  length  changes  and  a slight  lengthening  of  the 
diagonal  stabilizing  strut. 

Machining  is  held  to  a minimum  by  using  standard  sheet  and  plate  gages 
requiring  only  edge  fitup  trim  ivhere  possible.  Simple  machine  taping  of  the 
heavy  caps  is  required.  Cap  weight  is  slightly  higher  than  the  baseline  cap 
weight  due  to  their  being  designed  by  using  stiffeners.  The  ratio  of  the  F 
value  of  titanium  to  that  of  steel  is  0.57,  whereas  the  density  ratio  is  only 
0.56. 


iviiicirr  MALYsis 

Detail  weight  calculations  were  obtained  from  the  B-1  records  for  each  of 
the  titanium  candidate  items.  These  were  established  as  baseline  weights 
(Table  1). 

A complete  breakdown  of  weights  on  each  of  the  substitute  designs  was 
calculated  and  compared  with  the  corresponding  baseline  weights  (Table  2). 
Weight  savings  as  a percent  of  baseline  weight  were: 

* .3109-100000  shear  fitting  - 4.0  percent 

* 3109-100001  actuator  fitting  - 14.5  percent 

* 3109-100002  nacelle  support  beam  - 12.6  percent 

* 3109-100003  actuator  fitting  (forging]  - 14.4  percent 


PRELIMINARY  ANALYSIS  - FATIcnjE  AND  FRACTURE  MECHANICS 

Each  of  the  three  candidate  fittings  for  the  LOCOSST  study  uas  subjected 
to  fatigue  and  fracture  mechanics  analyses  to  assure  that  the  predicted  life 
under  the  design  spectrum  loading  would  meet  the  fatigue  design  requirements 
of  MIL-A-8866A  and  the  damage  tolerance  requirements  of  MIL-.A- 83444  per  the 
LOCOSST  program  Statement  of  Work,  Paragraph  4.2.1.  Simply  stated,  the 
fatigue  requirement  is  to  ensure  that  the  design  will  not  initiate  a fatigue 
crack  in  four  lifetime',  of  predicted  service  usage,  and  the  fracture  mechanics 
(crack  growth]  requirement  is  to  ensure  that  an  undetected  flaw  in  the  mate- 
rial will  not  grow  to  critical  size  v\'ithin  two  design  service  lifetimes. 
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Figure  7.  Nacelle  support  beam  assembly 
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BASHLI.MI-  IVIilCJUTS 


Drawing  No. 

Title 

Weight 

,1100030-011 

Wing  Pivot  Inboard 

48.70 

Shear  Fitting 

L1100030-005 

Fitting 

48.64 

L1100063-003 

Bushing 

0.06 

,3007214-011 

Fitting  Wing  Sweep 

176.3 

Actuator,  Inboard 

.Attach  Fitting 

L3007214-005 

Fitting 

172.20 

L1200234-005 

Bushing  - Outer 

1.96 

L1200235-003 

Bushing  - Inner 

2.14 

,3004250-001 

Nacelle  Support 

367.92 

Beam  Assembly 

1,3004250 

Dash  Items 

2.46 

1.30 

6.52 

19.21 

10.16 

L3004251-001 

Beam 

161.16 

L3004251-008 

Beam 

154.76 

1.3004257-001 

Support 

4.90 

1.3004258-001 

Support 

4.87 

L3004259-001 

Support 

1.34 

1.3005237-001 

Bracket 

0.70 

L3005239-00J 

Bracket 

0.54 

TABLii 


IVIACirr  BRiiAKIKllW  - At-MIO  DiiSIGN’S 


3109-100000C  King  Pivot  Inboard  Shear  Fitting 

Machined  body 

45.08  lb 

-007  lugs 

2.2"  lb 

-009,  -015,  -015,  -017  brackets 

0.64  lb 

Kelds 

0.71  lb 

Total 

dO.'i'O  lb 

B-1  titanium  baseline  part 

48.64  lb 

Fitting  weight  difference 

+1.94  lb 

Installation  ajid  assembly  parts  weight  reduction 

due  to  reduced 

i lu^  thicknesses  and  bolt  grip  lengths. 

1.1100065-005  bushing 

-0.012  lb 

1. 1100075' 01~  bushing 

-0.49"  lb 

; i.l  1000"5-009  bushing 

-0. 129  lb 

5/8  dia  bolt 

-0.120  lb 

"/8  dia  bolt 

-0.55"  lb 

1 Total 

1 

-1.115  lb  1 

1 1 

Net  weight  savings  = l.llS  + 1.94  = 3.055  Ib  ; 

1 .\ct  weight  sax’ings  per  airplane  1 \ 3.055  = 6.1  1 

lb  1 

5109-100001  D .Wicclle  Support  Beiun  .Asscmblv 

1 

I Aft  bea;n  assembh' 

146.605  lb  1 

! II  MaD  beam  assembly 

142.59"  lb  j 

' IV  Fitting  assembly 

2.555  lb  1 

! Ill  Major  assembly  parts 

1 

19.86"  lb 

511.404  lb 

i Fasteners 

+1.845  lb 

i K'cld 

+8.129  lb  1 

j Total 

521.5"(.  lb 

B-1  titaniimi  baseline  assembly  weight 

56 ".9 2 lb 

j Be;un  assembly  weight  difference 

4().34  lb 

.'fSK.T 


TABLl-;  2 


brilakix'iu'n  - ai-i4io  ni;sif'.\s  (Concii 


Installation  bolts  weight  reduction  due  to  reduced  grip  lengths 
5/8  dia  bolts  -0.09  lb 

1.00  dia  bolts  -0.57  lb 

Total  -0.46  lb 

Net  weight  savings  46.54  +0.46  = 47.00  lb 
Total  weight  savings  per  airplane  94.00  lb 

3109-100003  A Wing  Sweep  Actuator  Inboard  Attach  Fitting 


-1  fitting 
-25  -3  bushings 

Total 

B-1  titanium  baseline  assembly 
Fitting  assembly  weight  difference 


14". 85  lb 
3.10  lb 
150.95  lb 

no. 50  lb 
25.55  lb 


Installation  bolts  and  actuator  attach  pin  weight  reduction 
due  to  reduced  grip  lengths,  bolt  sizes  (6  places)  and  lug 
thicknesses. 


1.1200241-007  Pin 
Bolts 
Total 


-5.10  lb 
-4.93  lb 
-8.03  lb 


.Net  weight  savings  25.35  + 8.05  = 53.38  lb 

Total  weight  savings  per  aiinlane  2 x 33.38  = 66.76  lb 


The  fatigue  damage  and  fatigue  life  prediction  analyses  were  done  using 
Miner's  linear  cumulative  damage  rule.  The  fatigue  analyses  were  done  in 
parametric  form  for  a matrix  of  limit  design  stress  levels  and  effective 
stress  concentration  factors.  From  a set  of  parametric  fatigue  life  curves, 
the  maximum  allowable  operating  stress  can  be  determined  from  the  intersection 
of  the  life  requirement  and  the  stress  concentration  factor  of  the  section 
being  analyzed.  Additionally,  the  fatigue  allowable  stress  can  be  compared  to 
two-thirds  of  the  material  ultimate  tensile  strength  to  assess  the  impact  of 
fatigue  in  relation  to  the  static  stress  requirements. 

The  emphasis  of  the  damage  tolerance  analysis  is  in  the  calculation  of 
subcritical  flaw  growth.  Per  MIL-A-83444,  the  life  requirement  must  be 
obtained  between  the  specified  initial  flaw  size  and  the  critical  flaw  size 
defined  by  limit  or  maximum  spectrum  load.  The  assumed  initial  flaw  size  is 
determined  by  the  assumed  location  of  the  flaw,  and  the  life  requirement  to 
the  critical  length  is  a function  of  the  assumed  inspectability  lev^el  of  the 
structure.  For  all  analyses  done  in  this  phase,  it  was  assumed  that  the 
structure  would  be  classified  as  "in-service  noninspectable requiring  the 
capability  of  sustaining  two  design  service  lifetimes  of  slow  crack  growth 
before  failure. 

The  analytical  crack  growth  prediction  methodolog>'  which  was  employed  to 
calculate  subcritical  flaw  grow'th  is  based  on  the  principles  of  linear  elastic 
fracture  mechanics.  Rockwell  computer  program,  EFFGRO,  was  used  for  perform- 
ing the  crack  growth  predictions.  EFFGRO  uses  a specialized  integration  rou- 
tine where  an  initial  crack  size,  a^,  is  chosen  and  the  crack  growth  rate, 
da/dN,  is  integrated  to  yield  the  relationship  between  "a"  and  "M"  for  the 
given  stress  spectrum.  Crack  growth  parametric  studies  were  made  at  several 
limit  design  stress  levels,  starting  with  the  appropriate  initial  crack  size 
as  defined  by  MIL-A-83444.  A more  detailed  description  of  the  analysis 
approach  is  included  with  the  discussion  of  each  of  the  three  fittings. 


Material  Properties  Used  in  .-ina lysis 


The  fatigue  S/N  data  used  for  the  preliminary  analysis  phase  were  gener- 
ated by  the  Advanced  Metallic  Air  Vehicle  Structure  Program  and  arc  reported 
in  AFFDL-TR-74-17  as  10-Nickcl  (Hi'180)  steel  with  a design  ultimate  strength 
of  190  ksi.  Per  agreement  between  the  customer  and  Rockwell,  it  was  deter- 
mined that  for  the  LOCOSST  program  preliminan'  design  effort,  those  fatigue 
data  would  be  used  but  would  be  increased  by  the  ratio  of  the  ultimate 
strengths  of  .AFlllO  (230  ksi)  and  in’180  (190  ksi).  , 


The  da/dN  crack  growth  rate  jiropertics  for  the  dr\’-air  and  sump  tank 
water  environments  were  taken  from  N'A-75-555,  Volimie  IV,  "Material  Properties, 
B-1  CXiter  Wing  Pivot  Structure  Study." 
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The  suinp  water  environment  data  are  from  HY180  steel  tests  conducted  by 
Ceneral  Dynamics  and  reported  in  AFFDL-TR- 74- 17.  The  dry-air  data  are  from 
lO-nickel  modified  steel  tests  conducted  by  General  Dynamics.  These  data  were 
used  for  the  preliminary  analysis  phase  of  this  program;  however,  tlie  final 
analysis  conducted  in  phase  II  used  the  fatigue,  crack  growth,  and  toughness 
properties  of  .\J’1410  as  determined  by  the  hOGOSST  Program  iraterial  properties 
development  tests. 


The  fatigue  life  analysis  on  the  wing  sweep  actuator  fitting  was  made  in 
parametric  form  for  a matrix  of  maximum  design  limit  stress  levels  and  geomet- 
ric stress  concentration  factors.  Fach  of  the  parametric  stress  lines  plotted 
in  Figure  8 represents  a flight-by- flight  analysis  to  the  net  section  operat- 
ing stress  spectrum  for  a realistic  selection  of  stress  concentration  factors 
likely  to  occur  in  the  fitting.  The  figure  shows  that  the  four-lifetime 
requirement  can  be  met  at  a severe  combination  of  140-ksi  limit  stress  and 
Kp  = 5.  Such  a combination  of  high  stress  and  high  concentration  factor  does 
not  exist  on  this  fitting.  For  specific  points  of  reference,  the  actuator 
attach  lug  has  a geometric  Kp  = 2.7,  together  with  an  average  net  section 
limit  stress  of  63  ksi  in  the  actuator  holding  position  and  70-ksi  limit  while 
in  the  operating  position.  The  diagonal  flange  has  an  operating  limit  stress 
of  130  ksi,  but  the  Kp  factor  is  low  (<2);  the  boltholes  in  the  flange  have  a 
Kp  = 4+,  but  the  operating  tension  stress  is  less  than  100  ksi.  Fach  of  these 
points  would  predict  a fatigue  life  well  in  excess  of  the  requirement. 

The  crack  growth  analysis  was  done  for  one  specific  location,  the  attach 
lug  net  section,  and  in  parametric  form  for  three  general  areas,  including 
dvo  combinations  of  hole  diameters  and  flange  thicknesses  t>p)ical  of  the 
flange  attaching  to  the  fuselage  station  932  bulkliead.  Figure  9 shows  the 
predicted  crack  growth  rate  of  an  assumed  0.05R  initial  corner  flaw  in  the  net 
section  of  the  lug  hole  for  two  assumed  stress  distributions  [gradients)  lead- 
ing away  from  the  edge  of  the  hole.  Both  show  the  assumed  flaw  capable  of 
sustaining  the  two- lifetime  requirement  of  MIL-A- 83444. 

Figure  10  shows  the  predicted  crack  grow'th  rate  of  an  assimicd  0.125R 
initial  comer  flaw  in  the  diagonal  flange  for  the  flight-by- flight  operating 
spectrum  with  limit  load  stress  levels  of  120,  130,  and  140  ksi.  All  show  the 
assumed  flaw  capable  of  sustaining  two  lifetimes  of  growth  without  failure. 

I rom  the  static  sti'ess  analysis,  the  maximum  tension  stress  in  this  flange  is 
195  ksi  at  ultimate  load,  which  is  equivalent  to  130  ksi  limit  for  both  the 
forging  and  welded  tmss  concepts,  'fhus,  the  range  of  crack  growth  stresses 
studied  is  acceptable.  All  of  the  crack  growth  analyses  on  the  sweep  fitting 
used  tlie  crack  growth  rate  properties  for  a sump  tank  water  environment.  Tliis 
is  knowingly  an  overconservative  assumption,  but  it  is  the  only  aggressive 
environment  for  which  properties  were  available. 
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PARAMETRIC  FATIGUE  LIFE  ANALYSIS 
WING  SWEEP  ACTUATOR  ATTACH  FITTING 
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WING  SWEEP  ACTUATOR  ATTACH  FITTING 
CRACK  GROWTH  ANALYSIS  OF  LUG  HOLE 
FLIGHT-BY-FLIGHT  FATIGUE  SPECTRUM 
AFIAIO  STEEL  - SUMP  TANK  WATER  ENVIRONMENT 
CORNER-CRACKED  LUG  HOLE,  a.  = 0.05 


AOO  800  1,200  1,600  2,000  2,A00  2,800  j,200 

FLIGHTS 

Figure  9.  LOCOSST  preliminary  crack  growth  analysis. 


WING  SWEEP  ACTUATOR  ATTACH  FITTING 
PARAMETRIC  CRACK  GROWTH  ANAYLSIS 
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Figures  11  and  12  show  the  predicted  growth  rates  of  assumed  O.OOSR 
initial  comer  flaws  in  3/4-  and  1- inch- diameter  boltholes  in  the  flange  which 
attaches  to  the  station  932  bulkhead.  For  each  diameter,  the  analysis  was 
made  in  the  flange  thickness  appropriate  to  tlie  hole.  The  analyses  were  made 
to  the  flight-by- flight  operating  stress  spectrum  at  limit  stress  levels  of 
120,  130,  and  140  ksi.  Each  of  the  figures  shows  the  capability  to  sustain 
two  lifetimes  of  slow  crack  growth  without  failure  at  a limit  stress  of 
120  ksi  on  the  flange  gross  area.  This  is  acceptable  since  static  net  stress 
limitations  at  ultimate  load  prevent  the  limit  gross  area  flange  stress  from 
ever  exceeding  110  ksi.  Thus,  all  boltholes  meet  the  crack  growth  requirement. 


Wing  Pivot  Inboard  Shear  Fitting 


The  only  critical  section  in  fatigue  or  crack  growth  on  the  pivot  shear 
fitting  is  the  actuator  attach  lug  hole.  This  lug  has  an  outside  radius  of 
1.38  inches,  a thickness  of  0.2375  inch,  and  a pin  diameter  hole  of 
1.062  inches.  The  geometric  stress  concentration  factor,  Kj,  based  on  these 
dimensions,  is  3.25  at  the  edge  of  the  hole.  Using  a quality  factor  of  1.2, 
the  effective  stress  concentration  factor  used  for  the  fatigue  analysis  was 
1.2  X 3.25  = 3.90.  .-Xn  analysis  to  the  operating  spectrum  stress  on  the  lug 
net  section  produces  a fatigue  life  well  in  excess  of  the  required  four 
lifetimes. 

A crack  growth  analysis  was  made  on  this  same  net  section  assuming  an 
initial  comer  flaw  of  0.05-inch  radius  at  the  edge  of  the  lug  hole.  Crack 
growth  rate  properties  used  in  this  analysis  were  for  a low-humidity  air 
environment.  The  life  of  the  assumed  initial  flaw  under  the  operating  stress 
spectrum  was  marginally  equal  to  the  two-lifetime  requirement  of  MIL-A-83444. 
A plot  of  the  predicted  crack  growth  rate  is  shown  in  Figure  13.  All  other 
sections  on  the  body  of  this  fitting  have  less  severe  stress  concentration 
factors  and  are  not  critical  in  fatigue  or  fracture. 


Nacelle  Suitport  Beam 


The  nacelle  sujiport  beam  on  the  B-1  is  designed  to  a stiffness  criteria 
requiring  a substantially  larger  bending  section  than  is  needed  to  react  the 
static  airload  conditions.  The  excessive  placement  of  material  in  the  beam 
flanges  to  meet  the  stiffness  requirement  causes  a low  operating  stress  spec- 
trum which,  in  turn,  results  in  a predicted  high  fatigue  life  iind  slow  crack 
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WING  SWEEP  ACTUATOR  ATTACH  FITTING 
PARAMETRIC  CRACK  GROWTH  ANALYSIS 
FLIGHT-BY-FLIGHT  FATIGUE  SPECTRUM 
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WING  SWEEP  ACTUATOR  ATTACH  FITTING 
PARAMETRIC  CRACK  GROWTH  ANALYSIS 
FLIGHT-BY-FLIGHT  FATIGUE  SPECTRUM 
AFlAlO  STEEL  - SUMP  TANK  WATER  ENVIRONMENT 
CORNER-CRACKED  I IN.  DIA  HOLE 


I.OCOSST  preliminary  crack  growth  analysis. 


growth  rates  in  the  most  highly  stressed  region  of  the  beam  flanges.  T.'.e 
ujjper  flange  of  the  beam  was  analyzed  for  fatigue  and  crack  life  at  three  sec- 
tions, XI’  96,  XI-  111.8’’,  and  XI-  124.  The  predicted  fatigue  lives  were  grossly 
in  excess  oi  the  requirement.  To  demonstrate  tlae  crack  growth  requirement, 
comer  cracks  with  an  initial  size  of  0.125-inch  radius  per  MIL-A-83444  were 
assumed  in  the  flange  corners.  The  analysis  conservatively  assumed  an  aggres- 
sive sump  tank  water  envi roiviient . Plots  of  the  jiredicted  crack  growth  rates 
in  the  operating  flight-by- flight  stress  spectnim  arc  shoun  in  Figure  14.  All 
three  sections  have  a crack  life  in  excess  of  two  aircraft  lifetimes,  thus 
meeting  the  in-service  noninspectable  life  requirement  of  MIL-A-83444. 


Summan' 

The  three  fitting  designs  are  sized  by  either  the  static  load  or  stiff- 
ness requirements  and  are  not  additionally  iinpacted  by  the  fatigue  and  frac- 
ture mechanics  retjuirements  as  defined  by  specifications  MII.-A-8866A  and 
MIL-A-83444.  As  shown  by  the  parametric  fatigue  and  fracture  analyses  of  the 
wing  sweej^i  actuator  attach  fitting,  the  highest  possible  design  stresses  in 
Al'1410  steel  will  support  the  fatigue  and  fracture  life  requirements.  The 
nacelle  support  beam,  designed  to  a stiffness  requirement,  has  a sufficiently 
low  operating  stress  spectrum  to  ensure  a c\'clic  life  greatly  in  excess  of  the 
requirements.  The  fatigue  life  of  the  wing  pivot  shear  fitting  is  well  in 
excess  of  rciiuirements , while  the  crack  life  of  tl:e  actuator  attach  lug  is 
marginally  acceptable  by  a conservativ^c  analysis  approach. 

TliSl’  PIAX  i-OR  Tin;  [-'lUCniRi:  ^[i:(:lLV\’ICS  .WUA'SIS  \i;Rll-ICAfIOX  PROfRAI 

A series  of  fracture  mechanics  analysis  verification  tests  were  conducted 
as  part  of  tlie  i-)hase  11  materials  test  prognmi.  The  j-juiq-iosc  of  this  t>Tie  of 
testing  is  to  generate  crack  growth  data  from  flaw  configurations  tiqncal  of 
those  which  develop  in  aircraft  structure,  with  the  intent  of  using  these  data 
to  supjiort  and  verify  the  dcvcloiiment  of  analytical  prediction  methodology  in 
Al-'l  llO  steel.  The  si)ccimcn  configurat ions  shown  in  Figure  15  were  tested  to 
cither  a constant-cmipl  i tude  cyclic  load  or  to  a generalized  siiectrimi  of  loads 
simulating  tlie  loading  of  an  element  in  the  B-1  lower  wing  skin.  A listing  of 
the  parameters  pertinent  to  each  of  the  tests  is  shown  in  Table  3. 

The  initial  analytical  predictions  of  the  test  coupon  crack  growth  curves 
were  made  using  da/tlX  \ s AK  crack  growth  rate  pi'operties  generated  fi-om 
compact  tens  ion- t>i")c  siiecimens  of  AF1410  steel  in  the  phase  11  material  prop- 
erties progtxim.  Conventional  fracture  mechanics  stress  intensity  formulae’ 
together  with  approjiriate  surface,  width,  and  stress  gradient  factors  were 
used  in  predicting  the  growth  curves  of  the  test  cracks.  A comparison  of 
these  predictions  and  the  actual  test  growth  curves  was  made,  and  the 
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NACELLE  SUPPORT  BEAM 
FLIGHT-BY-FLIGHT  SPECTRUM  ANALYSIS  OF 
CORNER  CRACK  IN  BEAM  UPPER  FLANGE 


TYPE  I PART-THROUGH  CRACK  TYPE  I I CORNER  CRACKED  OPEN  HOLE 


TOTAL  6 TESTS  £ 2 SPARES  TOTAL  it  TESTS  £ I SPARE 


T;\Bl.i;  3 


spi;ci'n;.\  list  - i-iucniRT,  'Ilciiaxics  .w.-m.vsis  \t:ri  it  cation  tlsts 


P.ART 

NO. 

CONTTC,lJR.VnON 

1A1T-:  I.O.M) 

L.N'VIRON. 

MAX  Sl'RLSS 

11 

3109-100004-11 

Part-tliru  crack 

Const  anipl  it 

Lab  air 

"5  ksi 

12 

Part -thru  crack 

Const  amplit 

Lab  air 

150  ksi 

13 

Part -thru  crack 

Const  ainiil  it 

Sum|i  uater 

~5  ksi 

14 

Part -thru  crack 

Const  ajii]ilit 

Sunp  uater 

150  ksi 

15 

Part -thru  ci-ack 

Spectrum 

Lab  air 

120  ksi 

1(1 

Part -thru  ci-ack 

Spec t rum 

Lab  air 

1 50  ks  1 

r 

3109-100004-1 1 

Part -thru  ci-ack 

S]iect  rum 

Sun|i  uater 

120  ksi 

18 

Spare 

IBl) 

4B1) 

IBD 

4411) 

19 

Sparc 

1411) 

4B1) 

kBI) 

4BD 

21 

3109-100004-23 

Cracked  hole 

Const  aiiijilit 

3 1 • 

l.ab  air 

100  ksi 

•)  *) 

3109-100004-21 

Cracked  hole 

Const  luiiplit 

Lab  a ir 

100  ksi 

23 

3109-100004-21 

Cracked  hole 

Const  ami'll  it 

Lab  air 

+100  ksi 

24 

3109- 100004-21 

Cracked  hole 

Const  ampl  it 

Sunp  uater 

100  ksi 

25 

3109-100004-23 

Cracked  hole 

Spectnoii 

Lab  a i r 

100  ksi 

2(1 

3109-100004-21 

Cracked  hole 

S]iect.-um 

Lab  air 

100  ksi 

■>  "" 

3109  100004-21 

Cracked  hole 

S|iect  rum 

Lab  air 

125  ksi 

28 

3109  100004-21 

Ci'acked  hole 

Spect  nun 

Sunp  uater 

100  ksi 

29 

Spare 

IBl) 

nil) 

ITD 

44T) 

3(1 

Spare 

4BI) 

4BI) 

IBl) 

4BD 

31 

3109  100001  31 

111  rough  crack 

Const  amiilit 

Lab  a i r 

100  ksi 

Ihrough  crack 

Const  amplit 

Lab  a i r 

+100  ksi 

1 11  rough  crack 

Const  amplit 

Sump  uater 

100  ksi 

31 

111  rough  crack 

Spect  run 

Lab  a ir 

100  ksi 

33 

Ihrough  crack 

Sjiect  run 

Lab  a i i' 

”5  k “-i  i 

3(1 

3109  100001-31 

Ihrougli  crack 

Spect  I'un 

Sunp  uater 

100  ksi 

Spa  re 

IBl) 

IBD 

IBD 

IBD 

38 

Spa  re 

IBI) 

IBl) 

IBD 

IBD 

41 

3109- 100005- 1 1 

Cracked  hole 

Const  amplit 

Lab  air 

100  ksi 

42 

Cracketl  hole 

Const  anijilit 

Lab  a i r 

120  ksi 

43 

Cracketl  hole 

Spect run 

Lab  a ir 

100  ksi 

14 

3109-100005- 1 1 

Cracked  hole 

Spect  run 

Lab  air 

120  ksi 

45 

Spa  re 

IBl) 

4B1) 

HID 

4411) 

Tests  18,  IP,  2P,  3(1,  3“,  38,  ;iiid  43  arc  undesignateci  sjiai’os,  disposition 
to  be  detenu ined  ( TRLl) 


level  of  empirical  correction  factors  required  to  provide  agreement  between 
test  and  analysis  was  determined.  The  Rockwel 1 -developed  R-1  comjiutcr 
program  ETFGRO,  crack  propagation  analysis  by  the  X'roman  model,  was  used 
for  the  crack  growth  rate  predictions. 


STRUCTURAL  .ANALYSIS 

The  preliminary  stress  analysis  was  conducted  using  baseline  loads  from 
the  B-1  Stress  analysis.  Hiese  loads  were  the  values  quoted  for  the  baseline 
titanium  parts  used  on  the  B-1.  Stress  checks  were  made  on  the  following 
substitute  designs: 

1.  Inboard  wing  pivot  shear  fitting,  3109-100000  (machined  forging, 
welded  lugs) 

2.  Inboard  wing  sweep  actuator  fitting  - two  versions: 

a.  Truss  design,  3109-100001  (welded,  machined) 

b.  Stiffened  web,  3109-100003  (machined  forging) 

3.  .Nacelle  sujiport  beam,  3109-100002  (multipiece  welded) 

In  addition,  during  the  candidate  design  concept  selection  phase,  preliminary 
sizing  and  analysis  checks  were  conducted  on  the  various  concepts  to  obtain 
comparable  strength  and/or  stiffness  equivalent  structural  components. 

Conventional  stress  analysis  procedures  per  Reference  3 were  used. 

Structural  .Analysis  Properties  - .\F1410  Steel 

The  basis  structural  design  properties  used  for  preliminarv’  analysis  are 
summarized  in  Table  4 for  the  .A1'1410  steel  material.  The  compressive  stress- 
strain  curve  shown  in  Figure  16  was  used  to  generate  the  stiffness  (modulus), 
buckling,  column,  and  crippling  curves  shown  in  Figure  17  through  24,  using  a 
'lamberg-Osgood  curve  fit  routine  to  account  for  the  material  stress-strain 
nonlinearity.  ITie  basic  methods  for  developing  the  structural  analysis  curves 
were  obtained  from  Reference  4. 


Inboard  Shear  Fitting  - Pivnt  Pin  - .Aid 410  Version 

The  inboard  shear  fitting  (Figures  4 and  25)  was  analyzed  on  a prelimi- 
nary basis  using  the  structural  analysis  curves  and  material  properties  pro- 
vided under  "Structural  .Analysis  Properties"  (Table  4 and  Figures  16  through 
24).  The  applied  design  loads  are  those  obtained  from  the  B-1  Stress  :,uial>-sis 
and  used  for  the  titanium  Iviseline  part. 
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TABLi;  4 


'IVriiRIAI,  PROPHRTIl-lS  - Af-1410  STliiiL 


For  preliminary  design  subsequent  to  1-14-76,  the  following  properties 
were  used:  (Air  Force  and  IJ\AD  concurrence  at  Program  Review  13  and 
14  January  1976) 
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Tangent  and  secant  modulus  curves. 


AFimO  ALLOY  STEEL 


ligure  18.  Plasticity  correction  in  compression. 
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A suminaiy  of  critical  margins  of  safety  is  presented  in  Table  5 in  which 
margins  less  than  +0.50  are  listed. 

Ihe  critical  conditions  for  the  shear  strut  attachment  lugs  are  the 
terrain- following  and  low- level  penetration  mission  segment  loads  for  lug 
tension  and  comiu’ossion  respectively  (conditions  L\  and  IB).  The  critical 
condition  for  the  fitting  sections  (conditions  Z\  or  2B)  is  the  case  where  the 
upper  or  lower  outboard  wing  pivot  lug  fails  and  an  induced  thrust  load, 
either  up  or  dowu,  on  the  fitting  occurs. 

Tlie  pi'climinaiy  stress  analysis  of  the  shear  fitting  checked  the  shear 
strut  attacliment  lugs  for  tension  and  compression  stiut  loads  with  compression 
bearing  being  tlie  critical  mode.  Stress  checks  of  cross  sections  at  various 
locations  along  the  fitting  wall  were  made  for  the  effect  of  combined  axial 
and  bending  stresses  using  assimicd  effective  width  sections.  The  effects  of 
curved  fitting  wall  cross  sections  in  terms  of  locating  bending  eccentricities 
were  accoimted  for.  \'o  negative  margins  were  identified  for  this  preliminary 
analys i s . 
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inboard  U'inu  Sweep  Actuator  Support  Fitting 

The  inboard  wing  sweep  actuator  support  fitting  was  stress  analysed  for 
two  different  versions: 

1.  1'n.iss  design  - Machined,  welded  (Figures  5 and  26) 

2.  Stiffened  web  design  - 'lachined  forging  (Figures  6 and  27) 

The  prcliminaiy  analysis  for  both  versions  used  the  structural  analysis 
curves  and  AFliin  steel  material  properties  under  "Structural  .Analysis 
Properties."  The  applied  design  loads  were  the  s;ime  as  those  used  in  the  B-1 
Stress  anal>sis  for  the  titanium  baseline  component.  Conventional  stress  analy 
sis  techniques  were  used  per  References  .5  and  4. 

\ simuiiaty  of  margins  of  safet)'  are  presented  in  Tallies  6 and  7 in  which 
margins  less  than  +0.50  are  listed.  .Analysis  details  are  provided  in  .Appen- 
dix lA 


The  critical  loads  and  conditions  (Figure  26)  have  been  identified  as  an 
actuator  tension  load  (comlition  1)  and  a compressive  load  (condition  2)  of 
aiiproximately  70  percent  of  the  tension  load  magnitude.  The  support  fitting 
sen'es  to  transfer  the  outer  wing  sweep  loads  into  the  wing  cartw-- through 
stnicturc  via  the  VF9.52  bulkhead  and  ribs  at  XF  121  and  XF  84. 
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IMIJ:  5 


SIJ'I'IARY  - CRITIQU  MARGINS  OF  SAFFMT  (MS  +0.50)  INBOARD  SHILAR  Fl  ITING 


Item 

Description 

Load  Conditions 

Margins  of 
Safety 

Lug 

analysis 

Maximum  bearing  check 

Condition  B 

low-level 
penetrat ion 

+ O.oi 
(bearing) 

Section  D-D 

without 

lugs 

Check  of  region  above 
shear  strut  attach 
point  (rect  section) 

Condition  @ B 
acting 

+ 0.15 

(axial  + bend) 

Section  D-D 
with  lugs 

Same  check  as  above 
except  consider  lugs 
as  part  of  section 

Condit  ion  (z)  B 

+ 0.04 

(axial  + bend) 

Section  D-D 
with  lugs 

Section  checked  as 
a curved  section 

Condition  B 

+ 0.03 

(axial  + bend) 

Section  B-B 

Section  above  shear 
strut  attach  point 
curved  section 

Condition  A 

P acting 

+ 0.19 
(lug  crip- 
pling) 

Section  F-F 

Section  2.9  below 
section  B-B 
curved  section 

Condition  @ A 

+ 0.014 
(crippling) 

Section  K-K 

Section  through 
shear  strut  attach 
point 

Condition  (^A 

+ 0.27 

(axial  + bend) 

Section  C-C 

Section  below  shear 
strut  attach  point 
curved  section 

Condition  A 

+ 0.24 

(axial  + bend) 

i 
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TABLli  6 


SU?n\RY  - CRITICAL  M-WIINS  OF  SAI-FTY  (MS  0.5D)  INBOARD  S’VEEP  ACTUATOR 

FirriNG  - TRUSS  DF.SIGN 


Item 

Description 

Load  Conditions 

Margins  of 
Safety 

Attach 

Fasteners  along  lower 
truss  member 

Condition  I 

+ 0.19 

(bolt  tension 
§ shear) 

Attach 

Fasteners  at 

X 121  region 
r 

Condi ton  II 

+ 0.11 

(bolt  tension 

5 shear) 

Section  A-A 

Diagonal  truss  .AB 
member  - comp 

Condition  II 

+ 0.47 

(column  stab) 

Section  A-A 

Diagonal  truss 
web 

Condition  II 

+ 0.02 
(crippling) 

Section  A-A 

Diagonal  truss  - 
tension 

Condition  I 

+ 0.17 
(tension) 

Section  (l)(l) 

Diagonal  truss 
sect  ion 

Condition  I 

+ 0.07 
(tension 
§ bend) 

Section  (I)(l) 

Diagonal  truss 
sect  ion 

Cond i t ion  1 1 

+ 0.09 
(crippling) 

Section  (4)(T) 

Diagonal  truss 
section 

Condition  I 

- 0.01 
(tension) 

Section 

Diagonal  truss 
section 

Condition  I 

+ 0.30 
(tens  ion) 

Xp  93 

Lower  truss  mem 
section 

Condition  I 

+ 0.05 
(crippling) 

X^.93 

Lower  truss  mem 
sect  ion 

Condition  I 

TABLE  6 


SUMMARY  - CRITICAL  MARGINS  OF  SAFETY  (MS  0.501  INBOARD  SlvTEP  AC'DIATOR 
Fi  n’ING  - TRUSS  DESIGN  (Concl) 


Item 

Description 

Load  Conditions 

Margins  of 
Safety 

Xp  96 

Lower  truss  mem 
section 

Condition  I 

+ 0.07 
(crippling) 

X„  96 

r 

Lower  truss  mem 
section 

Condition  I 

+ 0.02 

(comp  5 bend) 

Xp  102 

Lower  truss  BC 
member  section 

Condition  I 

+ O.OI 
(column) 

Y_  923 
r 

Member  AC  section 

Condition  I 

+ 0..57 
(crippling) 

x^  121 

r 

Member  AC  compression 

Condition  I 

+ 0.39 
(column) 

917 

r 

Lug  analysis  actua- 
tor attach 

Condition  I 

+ 0.36 
(shear -out) 

Y^  917 
r 

Lug  analysis 
actuator  attach 

Condition  I 

+ 0.11 
(bend) 

X_  83 
r 

Weld-mem  BC  to 
mem  AB 

Condition  I 

+ 0.31 
(shear  5 
tension) 
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TABLE  7 

SU>t1ARY  - CRITIC^I.  MARGINS  OH  SAFETY  (MS  0.50)  INBOARD  SWEEP  ACTUATOR 
FITTING  - STIFFENED  WEB  DESIGN  - MAQIINED  FORGING 


Fastener 

check 


Description 


teners  at  X_ 
F 


X„  84.05  Web  check 

F 


X„  87.3  Web  check 

F 


X_  90.1  Upper  flange 

F 


X 95.63  Web  check 

F 


X 95.63  Upper  cap 

F 


Xj,  95.63  Lower  cap 


Xj,  101.15  Web  check 


Xj,  101.15  Upper  cap 


X^,  101.15  Lower  cap 


Load  Conditions 

Pact  = 922k 
Condition  I 

Case  B 

Condition 

I 

Condition 

I 

Condition 

I 

Condition 

I 

Condition 

I 

Condition 
case  B 

I 

Condition 

I 

Condition 

I 

Condition 
case  B 

I 

Margin  of 


(attach  shear 
§ tension) 


+ 0.05 
(shear  5 
buckl ing) 

+ 0.18 
(tension) 

+ 0.05 
ea 

buckling) 

+ 0.20 

(tension) 

+ 0.43 
(inter-rivet 
buckl ing) 

+ 0.07 
(shear  - 
buckl ing) 

+ 0.19 
(tension) 

+ 0.2b 
(inter  rivet 
buckl ing) 


tabu; 

SlPMXin’  - ('RITICAl,  MARC.INS  Ol-  SAl'T.'lY  (>1S  O-SOl  INBO.WD  SUT;i;P  ACIUATOR 
f riTixc  - stif!'1;.\t;i)  utb  niisiax  - maoii.vi;i)  forcinc  (Conci  i 


Item 

i 

Descript  ion 

I.oad  Conditions 

Margin  of 
Safety 

Xp  107.4 

Web  check 

Condition  I 

+ 0.08 
( shear - 
buckl ing) 

Xp  107.4 

Upper  cap 

Condition  1 

+ 0.24 
(tension) 

Xp  10"’.  4 

Lower  cap 

! 

Condition  I 
case  A 

+ 0.10 
( inter -rivet 
buckl ing) 

Sect  ion 

Xp  ILS.O 

Web  check 

Cond i t i on  I 

+ 0.03 
( shear 
buckling) 

Xp  115.0 

Lower  cap 

Condition  I 
case  A 

+ 0.45 
(inter-rivet 
buckl ing) 

Yp  923.. 35 

Section  check  of 
forging  under  pin 
attadiment 

1 

Condition  1 

+ 0.05 
(crippl ing) 

Lug 

Xp  122.^5 

Lug  analysis 
( shear -out ) 

Condition  I 

P ■=  922K 

ACT 

+ O.lb 
( shear -out) 

Lug 

Xp  122.  :’5 

Lug  analysis 
(shear  bearing) 

Condition  1 

+ 0.40 
(shear 
bearing) 

Lug 

Xp  122.75 

Lug  analysis  (shear 
hearing)  neglect 
bush i ng 

Condition  I 

+ 0.29 
(conserv- 
shear 
bearing) 

Lug 

Xp  122.75 

Transverse  shear- 
bear ing 

Condition  I 

+ 0.45 
(transverse, 
shear 
bearing) 

The  preliminary  stress  analysis  of  the  wing  sweep  actuator  supjiort 
fitting-truss  version  (Appendix  B)  checked  the  fastener  attachment  to  the 
YF  932  bulkhead  substructure  for  shear  and  tension;  the  diagonal  tnass  member, 
the  spanwise  lower  truss  member,  and  chordwise  trass  member  for  axial  tension 
[ and/or  compression.  The  actuator  attachment  lug  region  was  checked  with  the 

' maximum  actuator  tension  load.  Ty]:)ical  weld  joint  regions  were  checked  for 

combined  shear  and  tension.  Mo  significant  negative  margins  were  identified. 

The  stress  analysis  of  the  machined  forging-stiffened  web  design  (Appen- 
; dix  8]  checked  the  fitting  attaclments  to  the  substructure  for  shear  and  ten- 

j sion,  the  webs  for  shear  buckling,  and  the  caps  for  axial  tension  and/or 

I compression.  The  actuator  attachment  lug  region  was  chocked  for  the  maxhiium 

I actuator  load  case  of  922K  tension.  Mo  negative  margins  were  identified  in 

t the  preliminary  analysis. 

I 

i 

! Mace  lie  Su{^port  Beam 

> The  preliminary  stress  analysis  was  performed  on  the  built-up  welded 

design  version  of  the  nacelle  support  beam  (Figures  7 and  28) , using  .VFlllO 
steel  material.  The  material  properties  and  allowalile  structural  analysis 
curves  provided  under  "Structural  .%ialysis  Properties"  were  used  with  conven- 
I tional  stress  analysis  methods  per  References  3 and  4. 

I 

1 

i A summary  of  margins  of  safety  are  presented  in  Table  8,  in  which  margins 

less  than  +0.50  are  listed.  Analysis  details  are  provided  in  Appendix  C. 

‘ The  critical  loads  and  conditions  (Figure  28)  for  the  nacelle  support 

I beam  are  B-1  designated  conditions  360313  and  360312  for  down  bending,  vei'ti- 

j cal  shear,  and  drag  strut  loading.  Load  condition  360392  is  critical  for 

1 upbending,  but  the  moment  at  the  fuselage  attaclimcnt  region  is  only  27  percent 

of  the  downbending  case,  so  that  in  general  the  dounbending  condition  govei'ns 
for  all  of  the  structure.  The  link  loads  were  provided  for  the  total  box  be;im 
assembly.  Ihe  box  beam  assembly  has  the  lower  surface  cover  omitted  outboard 
of  XI-  125;  therefore,  the  fore  and  aft  acting  link  loads  which  induce  tor- 
sional loads  were  transferred  by  means  of  differential  bending  into  the  side 
beams.  The  internal  loads  which  were  developed  in  the  beam  caps  and  shears 
in  the  webs  accounted  for  this  incremental  effect.  The  baseline  nacelle  sup- 
port beam  was  designed  for  stiffness  as  well  as  strength  requirements  so  that 
the  .\1-141()  steel  design  inconiorated  equivalent  stiffness  (FA)  cap  areas  to 
provide  ec)uiv'alent  be:im  flexural  rigidities.  In  terms  of  cap  areas,  this 
I translated  into  the  fact  that  the  steel  cap  areas  could  be  5”  percent  of  the 

baseline  titanium  areas. 

■ The  preliminary'  stress  analysis  of  the  nacelle  suiiport  beam  checked  the 

1 webs  at  critical  locations  to  insure  that  web  buckling  under  shear  loads  did 

[ not  occur  prior  to  limit  load  application.  In  addition,  a lug  analysis  was 
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TABLE  8 


SIPIMXRY  - CRITIOM.  MAJIGINS  OF  SiU-'F'IT  .'WCfTJ.l-:  SUPPORT  BILAM  (MS  <0.50) 


Item 

Description 

Load  conditions 

Margin  of 
safety 

Xp  97  - 
.Xp  86 

Web  shear  check 

360313 

ultimate 

q =9.5  K/in. 

avg 

+ 0.38 

("web  buckling) 

-Xp  136-149 

Web  check 

360313 
ultimate 
q = 9.5  K/in. 

+ 0.47 

(ultimate 

shear) 

Lug 

Xp  115 

Lug  analysis  drag 
strut  attach 

360312 

ultimate 

P = 61.6  K 

+ 0.48 
(shear- out) 

Xp  136 

Upper  cap 

360312 

- 0.04 
(tension) 

Xp  136 

Lower  cap 

360312 

+ 0.57 

(compression) 

made  using  the  drag  stnit  load  acting  in  the  tension  direction.  \'o  significant 
negative  margins  were  identified  for  this  preliminaty  study.  A more  detailed 
check  would  be  in  order  in  the  event  this  component  design  is  selected  for 
further  development. 


COST  .A^^ALYSIS 

B.XSELI.NE  COSTS  - TITANIUM  C/VNUIDATE  ITEMS 
Ground  Rules 

In  order  to  determine  accurate  comparative  cost  values,  a cost  baseline 
was  established  for  the  three  titanium  candidate  items  selected  from  the  B-1 
structure.  Certain  ground  rules  were  laid  down  for  establishing  the  values  to 
be  used.  These  are: 

1.  Actual  costs  shall  be  used  where  available. 

2.  Part  costs  for  B-1  DVT- 2 test  item  were  applicable. 

3.  Both  first-  and  300-unit  cumulative  average  costs  are  to  be 
established. 

4.  First-unit  costs,  both  actual  and  estimated,  shall  be  adjusted  to 
current  1975  values. 

5.  300-unit  cumulative  average  projected  costs  shall  be  adjusted  to  1981 
v'alues  (midpoint  of  plajincd  B-1  production). 

6.  Costs  are  to  include  only  primary  direct  acquisition  costs  items, 
i.e.,  material,  fabrication,  and  tooling. 

7.  Standard  E-1  production  factors  and  learning  curves  shall  be  used. 

8.  Major  cost  drivers  are  to  be  identified  on  300-U3iit  cumulative 
average  costs. 

First-Unit  Costs 

•Xctual  costs  were  obtained  on  the  wing  pivot  inboard  shear  fitting  for 
material  and  fabrication,  however,  tooling  costs  were  estimated.  Die  forgings 
vvere  designed  considerably  oversize  for  initial  parts  to  assure  sufficient 
material  for  possible  changes,  and  thus  reflect  a higher  cost  than  an  opti- 
mized design. 
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The  wing  sweep  actuator  inboard  attach  fitting  was  machined  from  a 
diffusion -bonded  assembly.  Sine  me  costs  of  this  process  at  the  time 
incurred  are  not  considered  representative  of  production,  the  costs  were 
estimated  as  a machined  die  forging. 


The  nacelle  support  beam  assemlily  actual  costs  were  obtained  for  all 
material,  hardware,  fabrication  and  assembly,  and  tooling  after  the  n\T-2 
parts  were  completed.  All  costs  obtained  were  factored  to  a common  base  to 
reflect  current  1975  values. 


500-Unit  Cumulative  Average  Costs 

The  first-unit  costs  formed  the  base  from  which  projections  to  300  units 
were  made.  Standard  B-1  cost  factors  and  learning  curves  were  used.  Prices 
were  adjusted  for  inflationary  changes  to  mid-1981,  which  was  the  approximate 
midpoint  of  the  planned  B-1  production  period. 

Disciplines  involv^ed  in  the  baseline  costs  and  estimates  include  B-1 
Miiterial  Procurement,  Manufacturing  Operations  Proposals  and  Estimating,  and 
Systems  Oi^erations  and  Cost.  Refer  to  Table  9 for  established  baseline  costs. 

ESTIMATED  COSTS  - .\E1410  STEEL  DESIGNS 
Ground  Rules 

Ground  rules  3 through  8 for  baseline  costs  also  apply  to  estimated  costs 
of  the  steel  substitute  designs.  In  addition,  the  estimated  costs  are  based 
on  design  layout  drawings  as. follows: 

1.  3109-100000C,  Wing  Pivot  Inboard  Shear  Fitting 

2.  3109- lOOOOlD,  Wing  Sweep  Actuator  Attach  I'itting  (Weldment) 

3.  3109-100002D,  Nacelle  Sujiport  Beam  Assembly 

4.  3109-100003A,  Wing  Sweep  Actuator  Attach  Fitting  (Forging) 

(See  Figures  4 through  7.) 


Methodology 

The  preceding  drawing  items  1 and  4 involve  ring  roll  and  press  forgings, 
respectively.  Present  estimates  were  made  by  in- house  forging  specialists. 

.\s  die  forging  drawings  were  completed,  actual  procurement  bids  were 
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TABLE  9 

BASELINE  COSTS 


First  Unit 

300  Unit  Cumulative  Average 

Item  1 - Shear  Fitting 

Material 

$ 9,568 

$ 7,784 

Fabrication 

5,974 

743 

Tooling 

56,270 

260 

Total 

$ 71,812 

$ 8,787 

Item  2 - Actuator  Fitting 

Material 

$ 11,713 

$ 9,530 

Fabrication 

17,672 

3,468 

Tooling 

124,018 

611 

Total 

$ 153,403 

$ 13,609 

Item  3 - Nacelle  Beam 

Material 

$ 23,480 

$ 19,315 

Fabricat ion 

37,820 

4,629 

Tool ing 

230,423 

1,076 

Total 


$ 291,723 


$ 25,020 


obtained  and  used.  Items  1,  2,  and  3 all  involve  weldments.  Item  1 is 
unique,  in  that  mvo  roll  forged  rings  are  welded  together,  turn  machined, 

assembled  to  lugs  and  brackets  by  welding,  then  separated  into  three  segments  I 

to  form  three  identical  parts.  Costs  were  estimated  for  manufacturing  disci-  { 

plines  involved,  on  the  basis  of  this  fabrication  procedure.  1 

Item  2 is  a new  concept  of  design  from  the  baseline  parts.  Costs  involve  1 

material  in  rolled  plate  form  couj^led  with  considerable  machining  and  weld  ' 

preparation,  and  approximately  180  inches  of  fillet  and  butt  welding.  The 
welding  alone,  including  setuj^  time  for  this  part,  averages  $17.82  per  running 
inch  of  joint.  Prorated  weld  tooling  costs  increase  this  to  almost  $19.00 
per  inch. 


Item  3 is  also  a new  design  concept  from  the  baseline.  This  assembly, 
like  item  2,  is  a weldment  consisting  of  rolled  sheet  and  plate.  Material 
costs  are  low  on  this  concept;  however,  machining  and  assembly  welding  costs 
are  high.  Material  costs  were  compiled  from  the  drawing  list  of  material 
sizes.  Costs  were  based  on  sufficient  oversize  to  allow  for  finishing  to  the 
weld  preparation  requirements  of  the  assembly. 

Item  4 is  a redesign  of  the  item  2 concept  and  is  based  on  a machined  die 
forging.  This  concept  was  developed  in  an  attemjit  to  improve  tlie  cost  saving, 
which  turned  out  to  be  less  than  expected  on  the  welded  concept.  This  forged 
concept  is  a complete  new  design  from  the  baseline  titanium  forging.  New  load 
paths  and  revised  distribution  of  reaction  loads  were  included  in  this  innova- 
tive design.  Although  material  costs  are  higher  than  for  the  weldment  design, 
this  is  more  than  overcome  by  machining  costs  being  subst;mtially  lower  than 
the  combined  machining  and  welding  costs  of  the  welded  design. 

The  Research  and  Development  Operations  .Analysis  group  compiled  all  cost 
estimates  obtained  from  various  sources  and  applied  standard  learning  curve 
and  procurement  factors  for  final  values  (Table  10). 


Cost  Comparison 

With  baseline  costs  established  and  first-  and  300-unit  costs  estimated, 
a direct  comparison  of  M'1410  steel  design  costs  can  be  made  with  the  titanium 
baseline  costs  and  savings  as  a percent  of  baseline  costs  predicted.  The  fol- 
lowing are  the  results  of  this  comparison: 


First-unit  costs 

Titanium 

AI'1410 

Savings 

Shear  fitting 

$ 71,812 

$ 47,007 

34.5 

Actaator  fitting  (welded) 

153,403 

. 137,506 

10.4 

•Actuator  fitting  (forged) 

153,403 

152,989 

0.3 

Nacelle  beam 

291, "23 

263,511 

9.7 
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i;STin-\TliD  COSTS  - .•5J-1410  STF.EL  DESIGNS 


300  Unit  Cumulative 

First  Unit 

Average 

Item  1 - 3109-100000  Shear  Fitting 
Material  $ 1 


Material 

Machining 

Welding 

Tooling 

Total 


1,244 

10,437 

4,692 

30,634 

47,007 


1,012 

1,350 

732 

192 

3,286 


Item  2 - 3109-100001  Actuator  Fitting  (Welded) 


Material 
Machining  ■ 

Welding 
Tool  ing 

Total 


- prevveld 

- post we Id 


Material 

Machining  - preweld 
- postweld 

Welding 
Assy  fab 
Tool ing 

Total 


Material 
Machining 
Tool ing 

Total 


$ 4,769 

$ 3,880 

19,564 

3,:’41 

4,731 

918 

19,853 

3,207 

88,589 

546 

$ 137,506 

$ 12,292 

Support  Bear 

$ 4,222 

$ 3,435 

50,770 

6,499 

10,543 

1,387 

25,506 

4,165 

12,433 

1,298 

160,037 

1,005 

$ 263,511 

$ 17,789 

1 

Fitting  (Forged) 

$ 6,359 

$ 5,174 

22,612 

4,488 

124,018 

612 

$ 152,989 

$ 10,274 

Percent 


unit  cumulative  average 

Titanium 

AF1410 

Savings  (1) 

Shear  fitting 

$ 8,787 

$ 3,286 

62.6 

Actuator  fitting  (welded) 

13,609 

12,292 

9.7 

Actuator  fitting  (forged) 

13,609 

10,274 

24.5 

Nacelle  beam 

25,020 

17,789 

28.9 

The  sav'ing  of  62.6  percent  shown  for  the  production  shear  fitting  is  high 
due  to  the  baseline  cost  being  projected  from  an  actual  first-unit  cost  which 
resulted  from  an  extremely  oversize  forging  resulting  from  procurement  prior  to 
final  design.  This  figure  w'ill  reduce  significantly  when  a production  redesign 
is  introduced. 


Major  Cost  hlements 

.•\s  shown  in  Table  10,  the  major  cost  elements  in  acquisition  cost  for 
production  are  those  associated  with  fabrication.  High  first-unit  costs  in 
each  case  are  in  tooling,  since  no  prorating  is  considered.  Hovcever,  fabrica- 
tion costs  are  next  highest.  These  costs  under  the  production  case  run  only 
13  to  20  percent  of  fii'st-unit  costs.  Overall  production  costs  car>’  from  1.1 
to  7 pei'cent  of  first-unit  costs.  This  reduction  is  due  largely  to  prorated 
tooling  costs. 

-An  important  discoverx'  was  made  in  the  case  of  the  3109-100001  actuator 
fitting  (welded  concept)  versus  the  3109-100003  actuator  fitting  (forged  con- 
cept). Uhere  a substantial  cunount  of  machining  is  involved  in  conjuiiction 
w'ith  welding,  the  fabrication  costs  run  considerably  higher  than  on  the  com- 
pletely machined  forging  concept. 

EFFECTS  OF'  WHQrr  SAVING  ON  COST 

Weight  saving,  where  possible,  is  an  important  factor  in  cost  saving. 

This  results  not  so  much  in  acquisition  costs,  but  substantially  in  life  cycle 
costs.  In  the  case  of  the  R-I,  the  value  of  a poiuid  of  weight  saved  results 
in  a saving  of  SllO  (1976  $)  in  these  life  cycle  costs.  This  results  from 
savings  in;  (1)  B-1  fuel  consumed  during  training  missions,  and  (2)  the 
tanker  support  required.  On  the  actuator  fitting,  a total  weiglit  saving  on 
left  and  right  sides  amounts  to  66.8  pounds.  A B-1  order  of  240  aircraft  over 
10  years  of  service  w'ould  save  over  $1.76  million. 


I-RMUFACIURINC  PL-\N  .-XNl)  Dl-VliLOPNCiNT  Tl-ST  PIAN 
M'VMUl-ACrURING  PLAN 

A complete  manufacturing  plan  for  the  production  of  mvo  test  components 
was  prepared  and  submitted  to  the  customer  as  report  N/\-76-846.  This  plan 
included  the  tooling  concepts,  manufacturing  methods,  and  control  provisions 
to  be  used  in  the  fabrication  of  either  the  wing  pivot  shear  fitting  or  the 
wing  sweep  actuator  attach  fitting.  Both  were  included  since  selection  of  one 
for  fabrication  and  test  was  made  subsequent  to  drafting  of  the  maiiufacturing  plan. 

Verification  of  estimated  fabrication  costs  was  made  by  recording 
machining  rates,  tool  wear,  and  other  direct  costs  during  the  production  of 
the  selected  part. 

DEVLLOPNENT  TEST  PLW 

A detailed  development  test  plan  was  also  prepared  and  submitted  to  the 
customer  for  approval.  Ihis  plan  outlined  the  objectives  and  purpose  for 
conducting  a compz'ehens ive  test  pi’ogram  on  AE1410  mechanical  properties 
and  fatigue  characteristics.  It  included  detail  information  on  numbers  and 
conditions  of  tests  to  be  run  for  both  weld  and  parent  metal  mechanical  prop- 
erties and  the  effects  of  manufacturing  processes  such  as  grinding,  shot  peen- 
ing,  and  plating.  It  also  included  fatigue,  fracture  toughness,  and  fracture 
mechanics  crack  growth  tests. 

A machinabi 1 ity/heat-treat  program  plan  to  develop  a premacli in ing  heat 
treatment  to  permit  good  low-cost  rough  machining  was  included  as  part  of  the 
development  test  plan.  In  addition  to  treatments  to  improve  the  macliinabil ity, 
the  plan  included  evaluation  and  selection  of  heat  treatment  procedures  to 
attain  the  best  combination  of  material  properties. 
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Section  III 


PHASE  II  DE'l’AIL  DESIGN  AND  DEVI:LOPMENT  TEST 


Phase  II  consisted  of  a 9-month  period  during  which  the  development  test 
program  and  detail  design  and  drawing  release  of  the  two  selected  candidate 
items  was  accomplished. 

lliis  phase  of  the  program  was  fully  reported  in  Reference  2 and  will 
only  be  summarized  herein.  Should  additional  detail  be  desired  it  can  be 
obtained  from  Reference  2 

llie  development  test  portion  of  this  phase  was  started  with  the  receival 
and  preparation  of  the  first  shipment  of  rolled  plate  .AF1410  steel.  It  was 
layed  out,  sectioned  into  specimen  size  blocks,  and  heat  treated. 

Parent  metal  material  property  tests  for  tension,  compression,  shear,  and 
bearing  values  were  done.  The  effects  of  grinding,  shot  peening,  plating,  cuid 
welding  were  determined  on  tensile  values.  A series  of  fatigue  and  crack 
grow'th  tests  was  also  conducted  on  the  basic  material  as  well  as  for  manu- 
facturing process  effects.  A number  of  dog-bone-type  specimens  were  tested 
for  fracture  mechanics  analysis  verification. 

Butt  fusion  weld  data  were  obtained  through  Charpy  V-notch  aiid 
fatigue  tests.  Special  specimens  were  designed  for  fillet-weld  tension  across 
the  welds  and  for  fatigue. 

Tests  were  also  conducted  to  develop  an  optimum  final  product  heat- 
treatment  which  is  compatible  with  a prumachining  heat  treatment  selected 
during  phase  I,  and  will  develop  the  required  mechanical  properties  of  the 
material.  Machining  tests  were  conducted  on  AF1410  material  specimens 
subjected  to  this  heat  treatment  during  phase  III  of  the  program. 

Detail  design  drawings  were  developed  of  the  two  candidate  items  for  com- 
ponent test.  All  preliminary'  analyses  of  stress,  fatigue,  damage  tolerance, 
weight,  and  cost  were  refined  and  updated  to  reflect  the  final  designs. 
Drawings  were  released  to  manufacturing  for  use  in  preliminary'  plaiming  and 
tool  design.  'Ihe  wing  sweep  actuator  inboard  attach  fitting  was  selected 
for  fabrication  and  test. 

Tools  to  be  used  in  machining  and  heat  treatment  of  the  selected  part 
were  designed.  These  included  holding  fixtures,  tracer  pattem,  heat-treat 
fixture,  and  match  drill  jig  for  attach  holes.  A complete  manufacturing  plan 
was  developed  for  producing  either  candidate  test  part.  (Refer  to  report 
NA-76-84P.1 


OBJECTR^S 


Ihe  planned  objectives  of  this  portion  of  the  program  were: 

1.  Prepare  specimens  and  conduct  a thorough  development  test  program  on 
representative  production  heats  of  .^FldJO  steel.  Tests  included 
mechanical  properties  of  parent  metal  and  of  butt  and  fillet  welds. 
They  also  included  manufacturing  process  effects,  stress  corro- 
sion, and  fatigue. 

2.  Conduct  fracture  mechanics  analysis  verification  tests  to  substanti- 
ate analytical  methods  of  predicting  lifetimes  using  established 
growth  rates  and  prescribed  flaws. 

3.  Conduct  heat-treat  tests  to  select  a heat- treatment  which  is  com- 
patible with  premachining  heat  treatments  selected  for  easier 
machining  and  which  will  result  in  the  required  mechanical  properties 
of  the  material. 

4.  Refine  the  preliminary  designs  of  both  candidate  [)arts  and  update  the 
:malyses  on  each  for  strength,  fatigue,  d;image  tolerance,  weight,  and 
cost. 

5.  Prepare  and  release  to  manufacturing  detail  drawings  of  each  candi- 
date part. 

6.  Select  one  of  the  two  candidate  parts  for  fabrication  and  component 
test  for  static  and  fatigue  strength. 

7.  Design  all  tools  required  for  .machining  the  selected  part  from  a 
furnished  die  forging. 

8.  Prepare  a complete  detail  design  report  and  submit  to  the  customer, 
and  prepare  and  present  an  oral  briefing  at  U'right-Patterson  Air 
Force  Base,  Ohio,  in  April  1977. 

A task/event  flow  diagram  is  shown  in  Figure  29  which  shows  the  sequence 
of  significant  events  and  their  interrelationship. 
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DETAIL  DESIGN  OF  CANDIDATES 


INTRODUCTION 


The  two  candidate  preliminary  layout  designs  selected  for  phase  II 
detail  design  were: 

• 3109-100000,  fitting  - shear,  wing  pivot  inboard  (layout) 

• 3109-100003,  fitting  - attach,  inboard  wing  sweep  actuator  (layout) 


These  layouts  were  used  as  a basis  for  design  refinement  and  preparation  of 
working  drawings  during  phase  II.  The  detail  drawings  developed  from  these 
layouts  are: 

• 3109-100010  fitting  - shear,  inboard  pivot  pin,  wing  (forging) 

* 3109-100006  fitting  - inboard  attach,  wing  sweep  actuator,  assembly  of 

• 3109-100008  bushing,  outer  - attach  fitting,  wing  sweep  actuator 

* 3109-100009  bushing,  inner  - attach  fitting,  wing  sweep  actuator 

These  detail  drawings  were  released  to  manufacturing  for  tool  desigii  and 
fabrication  of  one  of  the  fittings  during  phase  III. 


DETAIL  DESIGN 

During  the  last  part  of  phase  I,  preliminary  design,  a change  was  made 
in  the  concept  of  the  wing  sweep  actuator  attach  fitting  from  a welded  truss 
assembly  to  a machined  die  forging  design.  Tnis  was  done  to  im.prove  the  low 
cost-saving,  which  resulted  in  comparing  the  cost  of  the  welded  assembly  with 
the  baseline  cost,  which  was  based  on  a titanium  die  forging.  A considerable 
improvement  was  made.  This  change  resulted  in  a production  cost  saving  of 

24.5  percent,  as  compared  to  9.7  percent  for  the  welded  assembly. 

•A  change  was  also  made  in  the  design  concept  of  the  wing  pivot  shear  < 

fitting  from  a welded  assembly  to  a machined  die  forging.  This  resulted  from  • 

a new  production  cost  comparison  using  recent  quotes  on  the  baseline  titanium  i 

part  rather  than  the  actual  costs  of  the  B-1  DVT  part.  The  high  cost  of  an 
oversize  forging  on  the  DVT  part  produced  a distorted  baseline  value.  Quotes  ) 

were  obtained  from  the  same  vendor  on  a steel  die  forging  similar  to  the  B-1  I, 

part.  A new  comparison  showed  a marked  reduction  in  cost  saving  from  ( 

62.6  percent  to  around  30  percent.  However,  a comparison  with  the  steel- 
welded  design  showed  a much  greater  reduction.  A new  drawing  was  prepared  of 
the  steel  die  forging  design  and  is  used  as  the  basis  for  a final  cost  saving 
on  this  candidate  part. 


On  1 February  1977,  selection  of  the  actuator  attach  fittinu  was  made 
for  fabrication  and  test.  Final  detail  design  incorporated  all  requirements 
for  tooling,  fracture  mechanics,  and  fabrication. 


COST  ANALYSIS 

Wing  Pivot  Shear  Fitting 

The  preliminary  cost  analysis  on  the  wing  pivot  shear  fitting  was  based 
on  a design  involving  two  ring  forgings  welded  together,  end-to-end,  to  make 
one  ring  assembly  from  which  three  parts  could  be  made  by  cutting  it  into 
three  120-degree  segments  after  lathe  turning  and  weld  attaching  several  lugs 
for  strut  attachment  and  equipment  mounting.  The  cost  of  this  design  was 
compared  to  a baseline  titanium  part  cost  resulting  from  actual  part  cost  of 
the  B-1  DVT  part.  This  comparison  yielded  a predicted  cost  saving  of 
62.6  percent. 

This  value  has  been  considered  invalid  due  to  the  extremely  oversized 
forging  purchased  for  initial  B-1  parts.  During  the  detail  design  phase  of 
the  steel  substitute  part,  a new  cost  estimate  was  made  for  a production 
baseline  part  based  on  actual  quotes  on  an  optimized  titanium  forging.  This 
new  cost,  when  compared  to  the  steel  substitute  design  cost,  resulted  in  a 
reduction  of  cost  saving  far  below  the  30-percent  level. 

A quote  was  obtained  on  a substitute  steel  die  forging  from  the  same 
forging  vendor  supplying  the  titanium  quote.  A new  cost  estimate  based  on 
this  design  and  compared  to  the  new  titanium  part  cost  resulted  in  a predicted 
cost  saving  in  the  30-  to  40-percent  range. 

A new  detail  design  of  the  wing  pivot  shear  fitting  was  completed  based 
on  a comj-)lctely  macliincd  die  forging.  A cost  analysis  based  on  actual  detail 
drawings  showed  a potential  cost  saving  of  42.1  percent.  A sequence  of  cost 
analyses  leading  up  to  this  final  figure  is  shown  in  Table  II  starting  with 
the  initial  analysis  and  baseline  developed  in  pliase  1.  Changes  affecting 
each  subsequent  analysis  are; 

• Analysis  2 - Revised  baseline  costs  for  a production  size  forging 
weighing  114  pounds. 


• .'\nalysis  3 - Changed  substitute  design  to  die  forging. 


COST  .WAI.VSIS  .W'D  COl'n’ARATUT:  SA\'I.\'(;S  Kl.\(i  I’U'OT  INHOAKD  SIITAR  MTTI.V: 

1975  IXli.LARS 


S>IVI’KKI  S:6I 

l.iA'o;))  m-Bis  (m\oi.\i  .i.oaki  dxim  sdm  \vs  :i.\i  i\iiv<iko:’)  dw  sis.vivxv 


(fipARvru'i-;  s.\\  i\(;s  wing  pivot  inboarii  sin-:AR  FirriNG  (conci.) 


• '\nalysis  5 - Revised  forging  costs  on  both  baseline  and  substitute  in 
accordance  vvith  vendors  quotes  and  updated  costs  to  1977  dollars. 

* -dialysis  6 - Reduced  baseline  for  final  vendor  quotes.  Reduced  substi- 
tute forging  quotes  based  on  cost  of  raw  material  per  AFFDL/FRS 

data  obtained  from  Universal -Cyclops  Steel  Co. 

First  unit  costs  were  developed  for  only  the  final  analysis  (6)  since  all 
intermediate  analyses  were  exercises  in  developing  the  final  cost. 


Wing  Sweep  Actuator  Fitting 

The  baseline  cost  of  the  wing  sweep  actuator  fitting  was  established  in 
phase  I,  and  is  shown  in  Table  12.  The  preliminan'  design  cost  comparison, 
based  on  machined  die  forgings  on  both  the  baseline  part  and  the  substitute 
part,  showed  a saving  of  24.5  percent.  This  was  based  on  an  estimated  buy/fly 
weight  ratio  of  4:1  and  an  estimated  forging  cost  of  $8.00  per  poujid. 

A forging  drawing  was  prepared  in  phase  II  .'ind  a calculated  weight 
obtained.  In  addition,  the  cost  of  rough  machining  was  reduced  from  24  per- 
cent higher  than  titanium  to  equal  to  titanium.  A revised  analysis  and  cost 
comparison,  analysis  2,  as  sho\\Ti  in  Table  12,  was  made  based  on  these  changes 
and  an  actual  vendor  quote  on  the  die  forging.  Tliis  comparison  showed  a 
savings  of  28.34  percent  for  production.  First  unit  costs  were  not  obtained 
for  this  intennediate  analysis. 

•An  estimated  cost  of  $3.25  per  pound  for  forging  ingot  material  was 
obtained  from  Un i versa! -Cyclops  through  .AFFDL/FRS.  This  value  was  provided 
to  the  forging  vendor  who  then  revised  the  forging  quote  accordingly.  The 
final  cost  figures  are  shown  as  analysis  3 in  Table  12  and  result  in  a cost 
saving  of  22.1  percent.  A comparison  of  first  luiit  cost  shows  1.4  percent 
saving  of  the  baseline  first  unit  cost. 

Weight  -Analysis 

A final  weight  calculation  was  made  on  the  released  detail  designs  of  the 
two  candidate  parts.  Baseline  weights,  as  reported  in  .NA-76-860,  "Preliminary 
Design  Report,"  page  19,  are  shown  for  comparison  along  with  the  new  substi- 
tute design  weights  in  Table  13.  Weight  breakdowns  on  each  of  the  substitute 
detail  designs  are  shown  in  Table  14. 

Although  weight  saving  was  not  a primary  goal  in  this  program,  significant 
savings  can  be  made  by  efficient  design  and  through  weight  reduction  of  installa- 
tion parts  such  as  bolts,  pins,  and  bushings  due  to  shorter  lengths  required 
for  thinner  higher  strength  material.  Reduced  fixed  weight  in  an  aircraft 
results  in  considerable  savings  in  operational  costs. 
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TABLE  13 


BASELINE  WEICHTS 


Drawing 

Title 

Weight 

L1100030-011 

Fitting  - shear,  inboard  pivot 

pin,  assy  of 

48.70 

L1100030-005 

Fitting 

48.64 

L1100063-003 

Bushing 

0.06 

L3007214-001 

Fitting  - wing  sweep 

Actuator,  inboard 

Attach,  assy  of 

176.30 

L3007214-005 

Fitting 

172.20 

L1200234-005 

Bushing  - outer 

1.96 

L1200235-003 

Bushing  - inner 

2.14 

STRESS  ANALYSIS 

Wing  Pivot  Inboard  Shear  Fitting 

The  inboard  shear  fitting  (Figure  30)  was  analyzed  using  the  structural 
analysis  curves  and  material  properties  provided  under  "Structural  Analysis 
Properties."  (Table  4 and  Figures  16  through  24).  The  applied  design  loads 
are  those  obtained  from  the  B-1  Stress  analysis  and  used  for  the  titanium 
baseline  part. 

The  shear  fitting  design  is  based  on  a machined  die  forging  concept  so 
that  the  design  strength  reductions  for  as -welded  structure  need  not  be 
imposed.  The  previous  design  had  the  diagonal  shear  strut  attach  lugs  welded 
to  the  curved  walls  of  the  fitting. 

A summary  of  critical  margins  of  safety  is  presented  in  Table  15,  in 
which  margins  less  than  +0.50  are  listed.  Typical  analyses  are  provided  in 
the  following  pages. 


Wing  Sweep  Inboard  Actuator  Fitting 

The  stiffened  web  design  (machined  forging)  was  chosen  as  the  final 
candidate  for  validation  of  the  AF1410  steel. 

The  applied  design  loads  were  the  same  as  those  used  in  the  B-1  Stress 
analysis  for  the  t it;in ium  basel ine  component.  Conventional  stress  analysis 
techniques  were  used  per  References  3 and  4. 
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TABLE  14 


• )> 


IVinQlT  BREAKDOIVN  - AF1410  DESIGNS 


3109-100010 


Wing  Pivot  Inboard  Shear  Fitting 


Machined  body 
lugs 

brackets 


43.08  lb 
2.61  lb 
.36  lb 


Total 


46.05  lb 


B-1  titanium  baseline  part 
Substitute  weight  saving 


48.64  lb 
2.59  lb 


Installation  and  assembly  parts  weight  reduction  due  to  reduced  lug 
thicknesses  and  bolt  grip  lengths. 


L1100048-003  bushing 
L1100063-003  bushing 
L1100073-017  bushing 
LI 100073- 009  bushing 
5/8  dia  bolts 
7/8  dia  bolts 


0.003  lb 
.004  lb 
.475  lb 
.137  lb 
.129  lb 
.362  lb 


1.110  lb 


Net  weight  savings  = 1.11  + 2.59  = .3."0  Ih 

Net  weight  savings  per  airplane  2 x 3.70  = 7.40  lb 


3109-100006 


Wing  Sweep  .Actuator  Inboard  .Attach  Fitting 


-003  fitting 

3109-100008  bushing,  outer 
3109-100009  bushing,  inner 


153.47  lb 
1.83  lb 
2.40  lb 


157.70  lb 


B-1  titanium  baseline  assembly 
Fitting  assembly  weight  difference 


176.30  lb 
18.60  lb 


Installation  bolts  and  actuator  attach  pin  weight  reduction  due  to 
reduced  grip  lengths,  bolt  sizes  (6  places)  and  lug  thicknesses 


L1200241-007  pin 
bolts 


-3.10  lb 
-4.84  lb 


I'otal 


-7.94  lb 


Net  weight  savings  18,60  + 7.94  = 26.54  lb 

Total  Aveight  savings  per  airplane  2 x 26.54  = 53.08  lb 
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TABLE  15 


SUMMARY  - CRITICAL  MARGINS  OF  SAFETY  (MS  <+0.50)  INBOARD  SHEAR  FITTING 


Item 

Description 

Load  conditions 

Margins  of 
safety 

Lug 

analysis 

Maximum  bearing  check 

Condition  1-B 

low-level 

penetration 

+0.31 

(bearing) 

Section  D-D 
with  lugs 

Section  checked  as  a 
curved  section 

Condition  2-B 

+0.03 

(axial  + bend) 

Section  B-B 

Section  above  shear  strut 
attach  point  curved 
section 

Condition  2-A 
Pj^  acting 

+0.19 

(lug 

crippling) 

Section  F-F 

Section  2.9  below 
section  B-B  curved 
section 

Condition  2-A 

+0.014 

(crippling) 

Section  K-K 

Section  through  shear 
strut  attach  point 

Condition  2-A 

+0.27 

(axial  + bend) 

Section  C-C 

Section  below  shear 
strut  attach  point 
curved  section 

Condition  2-A 

+0.24 

(axial  + bend) 
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A summary  of  margins  of  safety  is  presented  in  Table  16  in  which  margins 
less  than  +0.50  are  listed.  Typical  analyses  are  provided  in  the  following 
pages . 

The  critical  loads  and  conditions  (Figure  31)  have  been  identified  as 
an  actuator  tension  load  (condition  1)  and  a compressive  load  (condition  2) 
of  approximately  70  percent  of  the  tension  load  magnitude.  The  siqjport 
fitting  serves  to  transfer  the  outer  wing  sweep  loads  into  the  wing  carry- 
through  structure  via  the  YF932  bulkhead  and  ribs  at  XF121  and  XF84. 

The  stress  analysis  of  the  machined  forging- stiffened  web  design  checked 
the  fitting  attachments  to  the  substructure  for  shear  and  tension,  the  webs 
for  shear  buckling,  and  the  caps  for  axial  tension  and/or  conpression.  The 
actuator  attachment  lug  region  was  checked  for  the  maximum  actuator  load  case 
of  922K  tension.  No  negative  margins  were  identified  in  the  analysis. 


FATIGUE  AND  FRACTURE  MECHANICS  ANALYSIS 

Each  of  the  candidate  LOCOSST  fittings  for  the  final  analysis  phase  was 
subjected  to  fatigue  and  fracture  mechanics  analyses  to  assure  that  the  pre- 
dicted life  under  the  design  spectrum  loading  would  meet  design  requirements 
of  MIL-A-8866A  and  the  damage  tolerance  requirements  of  MIL-A- 83444  per  the 
program  Statement  of  Work , Paragraph  4.2.1. 

The  analytical  crack  growth  prediction  methodology  employed  to  calculate 
subcritical  flaw  growth  is  based  on  the  principles  of  linear  elastic  fracture 
mechanics.  Rockwell  conputer  program,  EFFGRO,  was  used  for  performing  the 
crack  growth  predictions.  EFFGRO  uses  a specialized  integration  routine 
where  an  initial  crack  size,  a^^,  is  chosen  and  the  crack  growth  rate,  da/dN, 
is  integrated  to  yield  the  relationship  between  "a"  and  "N"  for  the  given 
stress  spectrum.  The  influence  of  stresses  in  the  congress ion  region  on 
crack  growth  rate  are  taken  into  consideration. 


Material  Properties  Used  in  the  Analysis 

The  fatigue  stress/cycle  life  (S/N)  data  and  the  fatigue  crack  growth 
rate  (da/dN)  data  used  in  the  final  analysis  were  generated  by  the  material 
development  test  program  conducted  during  this  phase. 

The  Walker  equation  coefficients  used  in  the  crack  growth  analyses  were 
determined  from  a best  fit  straightline  through  the  da/dN  versus  AK  crack 
growth  data.  A 3.5-percent  salt  water  solution  was  selected  as  the  environ- 
ment for  the  crack  growth  analyses.  This  is  a somewhat  conservative  choice 
of  design  environment,  but  seems  to  be  more  appropriate  for  the  service  life 
of  these  fittings  than  either  ambient  laboratory  air  or  sump  tank  water. 
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TABLE  16 


r 


SlI^f■lARY  - CRITICAL  MARGINS  OF  SAFETY  (MS  <0.50)  INBOARD  SWEEP  ACTUATOR 
FITTING  - STIFFENED  WEB  DFSTGN  - MACHINED  FORGING 


Item 

Description 

Load  conditions 

Margin  of  safety 

Fastener 

check 

Fasteners  at  X„  84.05 
r 

Pact  = 922K 
Condition  1-B 

+0.46 

(attach  shear 
^ tension) 

Fastener 

check 

Fasteners  at  Xp  121 

Condition  2-A 

+0,08 

(attach  shear 

5 tension) 

Xp  84.05 

Web  check 

Condition  1 

+0.10 

(shear) 

Xp  87.-5 

Web  check 

Condition  1 

+0.05 

(shear  5 buckling) 

Xp  90.1 

Upper  flange 

Condition  1 

+0.18 

(tension) 

X^.  95.63 

1 

Web  check 

Condition  1 

+0.05 

(shear  5 buckling) 

Xp  95.63 

1 

Upper  cap 

Condition  1 

+0.20 

(tension) 

' Xp  95.65 

lx)wer  cap 

Condition  1-B 

+0.30 

(crippling) 

Xj.  I0I.I5 

Web  check 

Condition  1 

+0.07 

(shear  § buckling) 

X^.  101.15 

Upper  cap 

Condition  1 

+0.21 

(tension) 

Xj.  101.15 

IxDwer  cap 

Condition  1-B 

+0.17 

(crippling) 

Xp.  107.4 

IVcb  check 

Condition  1 

+0.08 

(shear  5 buckling) 

\|.  107.4 


lippc'r  cap 


Condition  1 


+0.24 
(tension ) 


TABLE  16 


SUMMARY  - CRITICAL  MARGINS  OF  SAFETY  OIS  <0.50)  INBOARD  SIVEEP  ACTUATOR 
FITTING  - STIFFENED  IVEB  DESIGN  - MACHINED  FORGING  (CONCL) 


Item 

Description 

Load  conditions 

Margin  of  safety 

Xp  107.4 

Lower  cap 

Condition  1-A 

+0.01 

Ccrippling) 

Section 

X„  115.0 

r 

Web  check 

Condition  1 

+0.03 

(shear  5 buckling) 

Xp  115.0 

Lower  cap 

Condition  1-A 

+0.10 

Ccrippling) 

923.35 

r 

Section  check  of 
forging  under  pin 
attachment 

Condition  1 

+0.42 

Ccrippling) 

Lug 

Xp  122.75 

Lug  analysis 
(shear- out) 

Condition  1 

^ACT  " 

+0.16 

(shear-out) 

Lug 

Xp  122.75 

Lug  analysis 
(shear  bearing) 

Condition  1 

+0.40 

(shear  bearing) 

Lug 

Xp  122.75 

Transverse 
shear- bearing 

Condition  1 

+0.45 

(transverse, 
shear  bearing) 
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Figure  31,  Loads  and  dimensional  thickness  summary  wing  sweep  actuator  fitting 


Wing  Sweep  Actuator  Attach  Fitting 


F-- 


Four  specific  sections  of  the  wing  sweep  actuator  attach  fitting  were 
analyzed  for  durability  (fatigue)  and  damage  tolerance  (crack  growth) . 

These  sections  are  identified  in  Figure  32.  'Hie  cross  sections  selected 
were  those  identified  in  the  static  stress  analysis  as  having  the  highest 
stress  levels  in  that  member.  Stress  transfer  functions  from  the  static 
analysis  were  used  to  relate  the  actuator  loads  to  the  stresses  in  each 
member  for  each  step  of  the  design  fatigue  spectrum. 

For  the  fatigue  analyses,  geometric  stress  concentration  factors  were 
determined  by  conventional  fatigue  analysis  methods.  For  specific  points  of 
reference,  the  actuator  attach  lug,  point  three,  has  a geometric  equal  to 
2.7  together  with  an  average  net  section  limit  load  stress  of  70  ksi.  The 
diagonal  flange,  point  two,  has  a relatively  high  operating  limit  stress  of 
130  ksi,  but  the  factor  on  this  unnotched  section  is  less  than  1.5.  The 
boltholes  in  the  attach  flange,  point  one,  have  a of  approximately  four, 
but  the  operating  limit  load  net  section  tension  stress  is  less  than  80  ksi. 
The  fatigue  analyses  of  each  of  these  points  predict  lives  well  in  excess  of 
the  required  four  aircraft  lifetimes. 

For  the  damage  tolerance  analyses,  crack  growth  rate  predictions  were 
made  for  the  operating  stress  spectra  and  with  the  required  assumed  initial 
flaw  size  per  specification  MIL-A- 83444  to  qualify  the  structure  as  "slow 
crack  growth."  Figure  33  shows  the  predicted  growth  rate  of  an  assumed 
0.005R  initial  comer  flaw  in  a 3/4- inch-diameter  bolthole  in  the  flange 
which  attaches  to  the  station  932  bulkhead.  Figure  34  shows  the  predicted 
growth  rate  of  an  assumed  0.125R  initial  comer  flaw  in  the  diagonal  flange 
at  station  Xf  90.  Figure  35  shows  the  predicted  crack  growth  rate  of  an 
assumed  0.05R  initial  comer  flaw  in  the  net  section  of  the  lug  hole. 

Figure  36  shows  the  predicted  growth  rate  of  an  assumed  initial  0.1 25R 
part-through  crack  in  the  0.300-inch-thick  wall  of  the  lug  support  frame. 


All  figures  show  that  the  predicted  crack  lives  to  critical  length  are 
in  excess  of  the  two  aircraft  lifetimes  required  to  qualify  structure  as 
"slow  crack  growth"  per  MIL-A- 83444.  All  fatigue  and  crack  growth  analyses 
were  done  to  the  B-1  395,000-pound  gross  weight  operational  spectrum. 


Wing  Pivot  Inboard  Shear  Fitting 

The  only  critical  section  in  fatigue  or  crack  growth  on  the  pivot  shear 
fitting  is  the  actuator  attach  lug  hole.  This  lug  has  an  outside  radius  of 
1.38  inches,  a local  thickness  of  0.32  inch,  and  a pin  diameter  hole  of 
1.062  inches.  The  geometric  stress  concentration  factor,  Kj-,  based  on  these 
dimensions,  is  3.25  at  the  edge  of  the  hole.  Using  a quality  factor  of  1.2, 
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tolerance  analysis  - wing  sweep  actuator  attach  fitting 
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Figure  33.  Wing  sweep  acti 


Figure  34.  Wing  sweep  actuator  fitting  - item  2 crack  growth  analysis. 
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actuator  fitting  - item  4 crack  groivth  analysis. 


the  effective  stress  concentration  factor  used  for  the  fatigue  analysis  was 
1.2  X 3.25  = 3.90.  An  analysis  to  the  operating  spectrum  stress  on  the  lug 
net  section  produces  a fatigue  life  well  in  excess  of  the  required  four 
lifetimes. 

A crack  growth  analysis  was  made  on  this  same  net  section  assuming  an 
initial  comer  flaw  of  0.05- inch  radius  at  the  edge  of  the  lug  hole.  Crack 
growth  rate  properties  used  in  this  analysis  were  for  a 3.5-percent  salt 
solution  environment.  The  life  of  the  assumed  initial  flaw  under  the  oper- 
ating stress  spectrum  exceeds  the  two  lifetime  requirements  of  MIL-A- 83444. 
A plot  of  the  predicted  crack  growth  rate  is  shown  in  Figure  37.  All  cither 
sections  on  the  body  of  this  fitting  have  less  severe  stress  concentration 
factors  and  are  not  critical  in  fatigue  or  crack  growth. 


MATERIAL  PROPERTIES  TEST  PROGRA^^ 
PURPOSE  AND  OBJECTIVES 
Purpose 


A series  of  material  property  tests  were  conducted  to  provide  the 
essential  data  required  for  detail  design  of  full-scale  components  for  static 
and  fatigue  testing  later  in  the  program  and  for  more  accurately  predicting 
serviceability,  fabrication  methods,  and  production  costs  using  AF1410  steel. 

Test  Objectives 

Test  objectives  for  this  program  were  as  follows: 

1.  To  provide  a check  of  basic  mechanical  properties  of  production 
size  heats  of  the  material  against  those  previously  obtained  on 
subscale  heats. 

2.  To  provide  a more  complete  set  of  data  on  basic  properties  and 
fatigue  characteristics  of  the  parent  metal  and,  in  addition,  the 
effects  on  these  properties  of  selected  manufacturing  processes 
which  are  ordinarily  used. 

3.  To  provide  mechanical  properties,  static  and  dynamic,  of  butt  and 
fillet  welds. 
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Figure  37.  Wing  pivot  inboard  shear  fitting  - lug  hole  crack  growth  analysis. 


'fHST  MATIiRI.lL 


.AF1410  steel  used  for  all  tests  was  produced  by  the  Universal -Cyclops 
Specialty  Steel  Division  of  Cyclops  Corporation  under  separate  Air  Force 
contract.  The  material  was  hot-rolled  plate  in  varying  thicknesses  up  to 
2 inches.  Material  received  was  rolled  from  VIM-VAR  ingots  from  three 
separate  heats  identified  by  Cyclops  as  L-3616K13,  L-3614K18,  and  L-3550K20. 


Weld  wire  used  for  weld  specimens  is  0.062-diameter  AF1410  steel.  It 
was  made  by  U.S.  Welding  in  Tarzana,  California,  and  identified  as  heat 
TLA  260.6.  The  chemical  compositions  of  this  weld  wire  and  the  rolled  plate 
heats  are  given  in  Table  17. 


TABI.li  17 


Cin-MICAI.  .ANALYSIS  - AF1410  STIiEL  PLATE  AMI)  UT.Li)  KIR}-; 


SPECIMEN  FABRICATION 


I, 

'f 


Material  Heat  Treatment 

The  material  was  received  in  the  as-rolled  condition.  For  the  nonwelded  ' 

specimens,  blanks  were  fully  heat  treated  and  aged  before  machining.  For  i 

specimens  to  be  welded,  the  blanks  were  double-austenitized,  machined  for  ^ 

weld  edge  preparation,  manual  GTAW-welded,  aged,  then  finish  machined.  All  < 

heat  treatment  was  conducted  in  ambient  air  as  follows: 

i 

• Austenitize  1,650“  F - 1 hour,  water-quench 

• Austenitize  1,500“  F - 1 hour,  water-quench 

• Age  950“  F - 5 hours,  air-cool 

Temperature  control  was  maintained  within  ±25“  F for  austenitizing  and 
+10°  F for  aging. 

I 

! 

Machining  and  Processing 

.Ml  machining  of  specimens  was  done  by  regular  production  methods  and 
machines  using  cutting  tools  normally  used  for  high-strength  steel.  Sharp 
notches  for  start  of  fatigue  cracks  were  machined  by  electrical  discharge. 

After  machining,  specimens  for  manufacturing  process  effects  tests  were  . 

given  a prescribed  process  by  normal  manufacturing  methods. 


Welding 


All  welding  was  performed  using  the  manual  GTAW  process  with  argon  gas 
shielding.  Butt  weld  joints  utilized  a double-U  groove  edge  preparation  and 
were  made  using  multiple  passes  as  required. 

Fillet  welds  were  made  using  no  edge  groove  for  comer  or  partial  pene- 
tration welds.  A J-type  groove  was  employed  for  full  penetration  welds.  All 
fillet  welding  was  with  the  minimum  number  of  passes  required  to  achieve  the 
desired  fillet  size  as  specified  in  Rockwell  Specification  ST0107LA0019. 


Radiographic  and  dye-penetrant  inspection  was  performed  on  all  butt  welds 
and  full-penetration  fillet  welds.  The  partial  penetration  fillet  welds  were 
dye-penetrant-inspected  only  (no  radiography). 


THST  CATLCDRIES  AND  PROCEDURES 

Four  categories  of  tests  were  performed  on  AF1410  steel  during  the 
development  test  program: 

1.  Basic  material  properties 

2.  Fracture  toughness  and  fatigue 

3.  Manufacturing  process  effects 

4.  Weld  properties 

The  tests  conducted  in  each  of  the  four  categories  are  defined  in 
Tables  18  and  19. 


Material  Property  Results 


The  detailed  results  of  this  portion  of  the  progrujii  were  previously 
published  in  Reference  2.  Little  or  no  ajiisotropy  was  observed  for  all 
the  properties  measured,  and  scatter  of  data  within  any  one  group  of  replicate 
specimens  was  generally  less  than  2 percent.  The  static  pi'operties  derived 
for  design  allowables  are  summarized  in  Table  20  together  with  tlie  allowables 
used  for  Ti-6A1-4V  in  the  recrystal  1 ized  annealed  condition  (heat-treated  for 
maximum  toughness).  On  a strength/density  basis,  AI'ITIO  is  superior  to 
Ti-6.A1-4V  in  all  properties  e.xcept  bearing.  .Since  few  designs  are  hearing- 
critical,  the  static  properties  suggest  AI-141()  could  be  substituted  for 
Ti-b.Al-TV  without  incurring  a weight  penalty;  in  fact,  a small  weight  savings 
is  attainable.  A summary  of  the  fatigue  data  is  shown  in  Figui'e  .^8  compared 
to  recrystallized  annealed  Ti-bAl-4V  on  an  equal-weight  basis,  designs  witli 
more  severe  stress  concentrations  would  incur  a small  weiglit  penalty  if  AI-lllO 
were  used  in  place  of  the  titimium. 

Fatigue  crack-growth  rates  of  AF1410  and  titanium  (Figure  .39)  siiow 
significantly  lower  growth  rates  for  the  steel.  However,  for  a slowly  growing 
crack,  one  with  a rate  less  than  ll)‘b  inches  per  load  cycle,  the  growtli  rates 
of  the  two  alloys  are  comparalde. 

Hence,  the  static  and  d\7i:imic  properties  obtained  in  tlie  program 
demonstrate  that  AF141()  could  be  substituted  for  annealed  Ti-('M-4\'  without 
incurring  a weight  penalty.  In  fact,  a weight  savings  should  result  for  most 
designs. 
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MAG  I I NAB  I L I 'FY/HEAT  - TRIiAT  EVA]  AJAT I ON 


Tlie  machinability/heat-treat  activity  was  actually  accomplished  during 
phases  I,  II,  and  III  of  the  program.  It  was  felt,  however,  that  to  separate 
the  data  would  reduce  the  clarity  and  effectiveness  of  the  evaluation.  There- 
fore, machinability/heat-treat  activity  is  presented  as  a separate,  complete 
discussion.  This  portion  of  the  program  was  conducted  in  three  phases. 

Phase  1 was  concerned  with  investigating  a variety  of  heat  treatments 
with  potential  for  impioving  the  machinabil ity  of  AF1410.  Evaluation  of  the 
machinability  of  the  carious  conditions  were  based  upon  metallurgical  and 
end  milling  studies.  Two  heat-treat  conditions  were  selected  for  further 
evaluation  in  phase  II. 

j 

The  objectives  of  phase  II  were  (1)  to  verify  that  subjecting  the  ' 

material  to  the  premachining  heat  treatment (s)  would  not  impair  subsequent 
heat- treatment  response,  weldability,  and  mechanical  properties,  (2)  estab- 
lish heat-treat  procedures  which  would  minimize  quench  distortion,  (3j  verify 
aging  time-temperature  parameter  relationships,  and  (4)  finalize  selection  of 
the  premachining  heat  treatment  for  e.xtensive  machinability  studies  to  be 
conducted  in  phase  III. 

Phase  III  was  mainly  devoted  to  machining  tests  on  material  in  both  the 
premachining  and  full -hard,  heat -treatment  conditions.  Heav>'  (rough!  cuts 
were  made  in  testing  material  in  the  prcmachining  heat-treat  condition, 
whereas  light  cuts  were  used  for  material  in  the  full -hard  condition.  Hnd 
milling  cuts  were  of  the  slotting  type  for  both  heat-treat  conditions. 

Drilling,  reaming,  and  chemical -mi 1 1 ing  tests  were  performed  on  the  full- 
hard  material  only.  Machining  data  was  analyzed  using  a modii'ied  fonn  of 
the  Taylor  equation  after  results  indicated  the  standard  equation  did  not 
adequately  describe  the  tool  life  data. 


MATERIALS  AND  PROCEDURES 

MATIiRIALS 

/M-T410  Steel 

The  .AE1410  steel  used  in  this  program  was  obtained  from  Universal 
Cyclops,  and  had  the  chemical  compositions  previously  shown  in  lable  17. 
Ihe  microstructurc  of  the  as-received  plate  stock  is  sho\\n  in  l igure  40. 
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Cattina  Tools 


All  drills,  reamers,  and  end  mill  cutters  used  in  this  program  were  of 
standard  geometries  obtained  from  commercially  available  stock  (Figures  41 
through  44^.  The  end  mill  cutters  used  in  phase  I were  Cobalt  high-speed 
steel  (CHSS) , 3/4-inch  in  diameter,  as  described  in  Table  21.  The  end  mill 
cutters  used  in  phase  III  were  1 inch  in  diameter,  with  four  and  six  flutes 
and  of  Cobalt  high-speed  steel,  C5,  C6,  and  WA107  carbides.  Upon  receipt,  a 
0.060-inch  comer  radius  was  ground  on  the  end  mill  cutters  prior  to  use 
(Figure  42).  Complete  cutter  details  are  listed  in  the  appropriate  tables 
in  phase  III . 

The  drills  were  23/64- inch-diameter  twist  drills  of  Cobalt  high-speed 
steel,  C2,  and  C5  carbides.  The  as-received  drills  had  standard  split 
points  (Figure  43) . 

The  reamers  were  3/8  inch  in  diameter  with  straight  and  spiral  flute 
geometries,  and  of  Cobalt  high-speed  steel,  or  with  C2  or  C5  carbide 
inserts  (Figure  44) . 

All  of  the  cutting  tools  were  inspected  to  establish  tool  geometry 
prior  to  use. 


PROCKDURr:S 

Preparation  of  Test  Blanks  for  Machining 

AF1410  steel  plates  were  cut  into  machining  test  blanks  by  means  of  an 
abrasive  wheel.  Tlie  phase  I test  blank  is  shown  in  Figure  45.  In  phase  III 
eighty- four  test  blanks,  4 inches  wide  by  18  inches  long,  were  cut  from 
1-1/8- inch  plate  for  the  drilling  and  reaming  tests;  and  16  blanks,  6 inches 
wide  by  18  inches  long,  were  cut  from  2- inch  plate  for  the  end  milling  tests. 
After  heat  treatment,  the  test  blanks  were  machined  to  provide  flat  and 
jiarallcl  surfaces  free  of  any  mill  scale  or  other  types  of  contamination. 


Meat  Treatment 


The  AFT 410  steel  speciments  used  in  this  study  were  heat  treated  in  both 
laboratory  and  manufacturing  heat-treat  facilities  depending  on  specimen  size 
and  quantity.  Hie  premachining  heat  treatments  were  carried  out  in  an  air 
atmospliere  since  sulisequent  preparation  by  machining  could  be  relied  upon  to 
clean  up  any  oxidized  and/or  dccarburized  surfaces.  Full-hard  heat  treat- 
ments of  specimens  for  finish  machining  tests  were  carried  out  in  an  endo- 
theniiic  atmosphere  (with  a dew  point  of  68°  F)  to  preclude  the  need  for 
cleami[)  of  oxidized  and/or  decarburized  surfaces.  Tlie  procedures  were  imple- 
mented in  accordance  witli  MI  1,-11-6875. 
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I - i nch-d iameter  end  mill,  four  flutes 
received  (0.060  1-inch  radius  ground 
prior  to  tests) 
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TABLE  21 

COBALT  HSS  END  MILL  CUTTERS  USED  FOR  PHASE  I MACHINABILITY  TESTS 


CORNER  RADIUS 


HELIX  ANGLE 


PRIMARY 

RELIEF 


SECONDARY 

RELIEF 


Cutter  No,  Primary  Secondary  End  Comer 

Serial  No.  Flutes  Relief  Relief  Relief  Radius 


x 

Radial 

Concentricity 

e 

Rake 

OD  to  Shank 

0.055 

30 

10 

0.055 

30 

10 

0.060 

30 

10 

0.055 

30 

10 

0.055 

30 

10 

0.055 

30 

10 

0.055 

30 

10 

0.058 

30 

10 

0.055 

30 

10 

0.055 

30 

10 

0.0003 


0.0002 


O.OOOJ 


0 . 0004 


0.0004 


0.0004 


0.0005 


NOTE:  All  cutters  were  3/4-inch  in  diameter  and  from  the  same  heat  of  CHSS. 
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Machining 


All  machining  tests  were  performed  in  the  lingineering  Machine  Shop,  and 
all  cutting  tools  were  resharpened  and  inspected  in  the  Production  Tool  and 
Cutter  Grinding  department  at  the  Los  Angeles  Division  of  Rockwell  Interna- 
tional. Standard  shop  practices  were  employed.  Cutting  fluid  application 
was  in  the  form  of  a spray  mist  during  all  of  the  machining  tests. 

End  Milling  Tests 

The  end  milling  tests  were  performed  on  a No.  2 vertical  Cincinnati 
Milling  Machine.  Typc-4  cutting  fluid,  Texaco  soluble  oil  IM,  mixed  1 part 

with  40  parts  of  water,  was  used  for  the  rough  machining  cuts  in  phase  III; 

and  Quaker  Chemical  Microcut  567-73,  mixed  1 part  with  25  parts  of  water, 
was  used  for  the  rough  machining  cuts  in  phase  I and  the  finish  machining 
cuts  in  phase  III.  The  sequence  of  rough  machining  cuts  is  shown  in  Figure 

45  for  the  phase  I tests,  and  in  Figure  46  for  the  phase  III  tests.  All 

end  milling  was  done  in  the  dom  (climb)  milling  mode. 

In  the  phase  III  machining  tests,  cuts  numbered  1,  8,  15,  and  22 
(Figure  46)  were  slot  cuts,  1-inch  wide  and  0.375- inch  deep.  The  remainder 
of  the  cuts  were  semislot  cuts,  0.375-inch  deep  and  0.75-inch  wide.  A 
typical  rough  machined  phase  III  part  is  shown  in  Figure  47.  The  finish 
machining  test  cuts  were  made  in  a manner  similar  to  the  rough  machining 
cuts  except  that  the  cuts  were  nominally  0.725- inch  wide  and  0.050- inch 
deep,  and  the  center  rib  was  eliminated  from  the  part  (Figure  48). 

The  feeds  and  speeds  for  the  end  milling  tests  in  phase  I were 
0.0032  IPT  and  30  ShTl  for  the  first  set  of  tests,  and  0.0026  IPT  and 
46.5  SF’M  for  the  second  set  of  tests.  The  feeds  and  speeds  for  the  pliase  111 
machining  tests  were  varied  on  an  individual  basis  to  accommodate  data 
requi rcments. 
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Drilling  Tests 


The  drilling  tests  were  performed  on  a positive  feed  Clecnnan  2511,  5111’ 
drilling  machine,  as  shown  in  Figure  49  using  the  sotuj')  shown  in  Figure  50. 
The  pattern  of  drilling  the  23/64- inch-diiuncter  lioles  is  shown  in  Figure  51. 
Ty]ie-4  cutting  fluid,  Quaker  Ghemical  Micro  Cut  No.  26,  mixed  1 part  with 
13  to  15  parts  water,  was  applied  in  the  form  of  a spray  mist.  Tests  were 
made  with  lx)th  the  standard  split  point  configuration  and  the  SK  drill  point 
configuration  (I’igurc  52).  A ty]Mcal  test  specimen  is  shown  in  Figure  53. 
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SK  drill  point  configuration. 


Itch  (.hill  inti  anh 
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kcainin)j  Tests 

llie  reaming  tests  were  performed  on  the  same  positive  feed  Cleerman  251), 
5H1’  drilling  machine  as  the  drilling  tests  (Figure  49)  w'ith  the  addition  of 
a bushing  fixture  (Figure  54)  to  maintain  axial  alignment  of  the  reamer  with 
the  hole.  Reaming  tests  were  conducted  on  the  completed  drilling  test 
specimens  (Figure  53). 


Fool  Crinding 

All  tool  grinding  was  done  by  standard  tool  grinding  procedures. 


IXSPIiCTlON 
Ibol  s 

All  cutting  tools  were  inspected  and  all  final  cutting  tool  landwear 
measurements  were  made  by  means  of  a Stocker  and  Yale  tool  analyzer.  Prior 
to  making  tlic  final  landwear  measurements  (near  a landwear  of  0.008  inch, 
the  selected  end  point  for  these  tests),  at  least  four  estimates  of  landwear 
were  made  by  visual  observation  during  the  test.  This  involved  visual  com- 
parison witli  a known  tool  dimension,  such  as  the  landwidth  of  the  primary 
cutting  edge  for  the  end  mill  cutters  and  the  margin  width  for  the  drills. 


Surface  I'inish 

Ihe  finish  of  the  machined  surfaces  was  measured  by  means  of  a brush 
prof i lomctcr. 


Median i cal  Properties 


I'ensile,  charny  impact,  and  fracture  tougliness  tests  were  pcrfomicd  in 
accoialance  with  AS'l'M  Standards  F,8,  i;23,  and  F,399,  respectively.  Hardness 
measurements  were  made  on  the  Rockwell  C scale  in  accordance  with  ASTM 
Standard  Iil8. 


Fliemical  Milling 

AFIHO  steel  plate  was  submitted  to  a commercial  chemical  milling 
company,  Aerocliem  Inc,  Orange,  (California,  for  chemical  milling  tests  using 
various  standard  proprietary  solutions.  The  rates  of  metal  removal  by  the 
various  solutions  were  measured  in  terms  of  etching  depth  in  30  to  40 
minutes,  and  the  chemically  milled  surfaces  were  exiunined  at  a magnification 
of  20 \ for  roughness  and  pitting. 
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UATA  ANALYSIS  {RIASL  III) 

A close  estimate  of  the  tool  life  at  a landwear  of  0.008  inch  was 
obtained  from  a least-square  regression  of  a straight  line  on  a data  plot 
of  the  logarithm  of  the  landwear  versus  tool  life.  In  making  the  least- 
square  regression  fits,  the  visual  landwear  estimates  were  given  a weight 
of  1 and  the  tool  analyzer  measurements  were  given  a weight  of  4.  Typical 
fits  are  shown  in  Figures  55  and  56. 

After  obtaining  the  tool  life  values  for  0.008-inch  wear,  the  Taylor 
equation  constants  were  then  substituted  in  the  cost  and  optimum  cutting 
speed  equations  derived  on  the  basis  of  the  Taylor  equation  (Tables  22 
and  23)  to  allow  calculation  of  optimum  cutting  speeds  (Reference  5).  Tiie 
definition  of  symbols  and  the  values  used  for  the  various  constants  are 
given  in  Tables  24  and  25.  Because  of  incorrect  predictions  of  optimum 
cutting  speed  values,  the  Taylor  equation  was  modified  on  an  empirical  basis 
to  yield  more  realistic  predictions  for  the  end  milling  of  AF1410  steel  with 
Cobalt  high-speed  steel  cutters. 


ITIASF  I - PRliMAQlININC  HFL\T  TRliAT  Dl'VFd.OPNn-NT 


OBvJLCTIVl- 

llie  objective  of  phase  I was  to  establish  a premachining  heat  treatment 
for  AFT410  steel  that  would  improve  its  machinability  to  approach  or  exceed 
that  of  titanium  6A1-4V. 


APPROACH 


The  approach  taken  to  attain  the  phase  I objective  was  to  develop 
metallurgical  structures  in  the  hardness  range  of  30  to  40  Roclcwell  C,  having 
a maximum  conglomeration  of  carbides,  and/or  reduced  fracture  tougliness  by 
limited  enlargement  of  the  prior  austenitic  grain  size.  Ihe  conglomeration 
of  carbides  reduces  fracture  tougliness  promoting  chip  breaking,  thereby 
reducing  the  force  required  to  separate  the  metal,  a primary  requirement 
for  good  machinability. 

A wide  range  of  austenitizing  tennicratures  were  investigated;  most  tem- 
peratures were  in  the  range  of  1,250°  to  1,375°  F,  and  were  sufficiently  low 
to  minimize  the  dissolution  of  carbides;  a high  ti^mperature  of  1,625°  F 
was  selected  to  promote  limited  austenitic  grain  growth  without  causing 
pcniiancnt  degradation  of  tougliness.  Subsequent  to  these  austenitizing 
treatments,  aging  treatments  were  used  to  attain  the  desired  hardness  levels 
and  carbide  distributions. 
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Landwear  ( I nch) 


TABLF.  22 


TABLK  23 


OPTIMIZED  MAQIINING  EQUATIONS 
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TABLIi  24 

SYMBOLS  FOR  COST  AND  PRODUCTION  RATE  EOUATIONS 


\ppl  ICS  to  OjK'ITlt  lOII 


lost  Tor  macluniug  one  \»ori»piove;  $A\orkpiccc 
(?ost  of  cu'.h  insert  or  insi'HoJ  bhiJo;  $/hl.iJe 
l\irchasc  cost  of  tool  or  cutter;  Vciitter 

cost  of  yruKling  wheel  for  resharpctung  tool  or  cutter;  S/cufter 


Ifepth  of  cut;  in. 

I>ia  of  work  in  turning,  of  tool  in  milling,  ilrilling,  reaming,  tapping';  in. 

Ixtra  travel  at  feedrate  ‘ f,-  or  f^  » including  approach,  overtravel,  .ind  all  pi.)s 1 1 ion ing 
moves;  in. 

leed  pt'r  revolution;  in. /rev 


leod  pt'r  tooth;  in. /tooth 

Labor  ♦ overhead  in  tool  reconditioning  department;  S/min 

Numlu'r  ol  times  lathe  tool,  milling  cutter,  drill,  reanvr,  or  tap  is  resharjx'ned  hefoie 
being  discarded 


Number  of  timt'S  lathe  tool  or  milling  cutter  is  resharivned  before  inserts  or  blades  are 
rebraied  or  reset 

Numlu-r  of  times  blades  lor  inserts)  ar  resharpened  (or  indexed)  before  blades  lor  inserts) 
are  discarded  I 


l.ength  ot  workpiece  in  turning  and  milling  or  sum  o(  length  of  all  holes  oi  s.yix'  Ji.inK'ter 
in  drilling,  re;ining,  tapping;  in. 

\u,mfier  of  threads  per  ineli 

Labor  ♦ ovcrheail  cost  on  lathe,  milling  machine  or  drilling  inacluno;  ’v''inin 


lool  life  exponent  in  laylor's  equation 
Ntsnher  of  workpieces  in  lot 


I’rodiK'tion  rate  {X'r  nO  min  hour;  woikpieces/hr 
Rapid  traverse  rate;  in/min 

lotal  rapid  traverse  distance  for  a tool  or  cutter  on  one  part;  in. 
Reference  cutting  spt>od  for  a tool  life  ot  1 = 1 min;  it ''min 


Reierenee  cutting  for  a tool  1 1 t'e  of  = I in;  It, min 

lime  to  rebraze  lathe  tool  or  cutter  teeth  or  reset  hladcN;  min 

linx'  to  repl.ice  iltill  cutter  in  tool  changer  storage  unit;  min 

lime  to  iixlex  fnxn  one  tx'pe  cutter  to  another  lx  tween  o|X'r.itions  faiifonatic  or 
miuuial  I ; min 

I irm.'  to  load  .iml  unload  woi-kpiece;  min 


lime  l.iverage  to  complete  one  ofx'ration;  min 
l ime  to  setup  m.ichine  tool  for  ojx'ration;  min 
Time  to  preset  tools  awav  i rom  machine  I in  toolroom);  min 

lime  to  resh.ir|x'n  lathe  tool,  milling  cutter,  drill,  te.ii'ier  or  tap;  min, 'tool 


[oo\  I lie  me.isured  in  minutes  to  dull  .i  l.ithe  t<H*l;  min 
Number  ol  holes  per  re^har^xjn ing 

lool  life  measured  in  UKhes  travel  of  wnk  or  tix’l  to  dull  a drill,  re.irx-r,  tap, 
or  one  milling  cuttei'  t'X>th;  in. 


Number  I'l’  Iw'les  ^.enter  di  iliOil  oi  ^ hamfered  in  workpiexe 
Cutting  sp>eed;  It /min 
h uJfh  ol  cut ; I n. 

Ninber  ol  teeth  in  milling  cutter  *u  number  ol  I lutc"  in  .i  tap 


I- rom  reference  S 


TABLE  25 


V.UUES  USED  IN  COST  EQUATION  FOR  CALCUIATION  OF  MAQIININC 
COSTS  OF  TEST  PARTS 


Values 

Symbol 

Definition 

Units 

Rough  End 
Milling 

Finish  End 

Mi 1 1 ing 

r 

Drilling 

Reaming 

1 

Cp 

Purchase  cost  of  tool  or  cutter 

$/cutter 

22.00 

22.00 

b.OO 

(».0() 

- 

C 

u 

Cost  of  grinding  wheel  for  re- 
sharpening tool  or  cutter 

$/cutter 

0.0416 

.0416 

.0416 

.0416 

J, 

I) 

Diameter  of  tool 

Inch 

1.000 

1.000 

23/64 

3/8 

A 

e 

lixtra  travel  at  feed  rate  including 
approach,  over -travel  and  all 
positioning  moves 

Inch 

126 

31.5 

25 

25 

5 

Q 

Feed  per  * 

Inch,'* 

.001  to  .005 

.001  to  .005 

.001  to  .003 

.0015  to 
.0045 

6 

G 

Labor  ♦ overhead  in  tool  re- 
conditioning department 

$/minute 

0.2165 

.2165 

.2165 

.2165 

■* 

S 

Nimber  of  times  milling  cutter, 
drill  oi  reamer  is  resharpened 
before  being  discarded 

10 

10 

10 

20 

8 

L 

Length  of  workpiece  in  milling  or 
sum  of  length  of  all  holes  of 
same  diameter  in  drilling  or 
reaming 

Inch 

490 

119 

i:r.5 

IS".  5 

9 

M 

Labor  + overhead  cost  on  machine 

$/minute 

0.40 

0.40 

0.40 

0.40 

10 

'j 

Time  to  replace  dull  tool  in  tool 
changer  storage  unit 

Mi  nutes 

2 

7 

2 

: 

11 

t 

P 

Time  to  preset  tools  away  from 
machine  (in  tool  room) 

Ml  nut  cs 

10 

10 

10 

10 

12 

t. 

Time  to  resharpen  tool 

•limitos/tool 

30 

30 

12 

18 

13 

R 

Total  rapid  traverse  distance 

Inches/jxirt 

616 

150 

250 

250 

It 

r 

Rapid  traverse  rate 

Inclx's/ minute 

100 

100 

200 

200 

15 

t 

1 

Time  to  index  from  one  type  cutter 
to  another  between  operations 

Minutes 

0 

0 

0 

0 

lb 

't 

Tool  life  in  distance  of  work 
travel  to  dul 1 fool 

1 nc  hes 

Per  tool  lift 

equation 

Per 

ditta 

*Pcr  tooth  for  cruJ  milling;  f>er  revolution  for  drilling  or  reaming. 


i 


[ 
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Heat-Treat  Studies 


Tlie  various  heat-treat  cycles  investigated  in  developing  premachining 
heat-treat  schedules  and  the  resulting  hardness  values  are  listed  in  Table  26. 
Tlie  Rockwell  hardness  data  are  plotted  in  Figure  57  as  a function  of  aging 
temperature  with  austenitizing  temperature  as  a parameter.  The  high  hardness 
values  obtained  with  most  aging  conditions  after  austenitizing  at  1,375°  and 
1,625°  F prompted  evaluation  of  austenitizing  temperatures  between  1,250° 
and  1,375°  F. 

As-quenched  hardness  was  found  to  increase  with  increasing  austenitizing 
temperature  to  a maximum  of  48  Rc  for  the  1,625°  F austenitizing  treatment 
[specimen  4E) . Air  cooling  compared  to  water  quencliing  after  16  hours  at 
1,250°  F [specimen  G versus  5A)  resulted  in  an  increase  in  Rc  hardness  of 
five  points.  A slight  increase  in  hardness  (1.6  Rc)  for  air-cooled  specimens 
was  also  obtained  on  reducing  the  1,250°  F soak  time  from  16  hours  [speci- 
men G)  to  8 hours  (specimen  F) . There  was  a fairly  substantial  increase  in 
hardness  (4.5  Rc)  as  a result  of  the  subzero  treatment  given  to  the  1,250°  F, 
24-hour,  water-quenched  specimen  (5BJ  when  compared  to  the  1,250°  F,  16-hour, 
water-quenched  specimen  (5A)  without  the  subzero  treatment.  Tlie  subzero 
treatment  applied  to  the  1,375°  F,  16-hour,  water-quenched  specimen  (5D) 
resulted  in  only  a slight  increase  in  hardness  (1.6  Rc) , compared  to  that  of 
the  1,375°,  8-hour,  water-quenched  specimen  (5C)  without  the  subzero  treatment. 

These  results  are  explained  on  the  basis  of  carbide  conglomeration/ 
dissolution  and  reverted  austenite  effects  in  the  following  manner: 

1.  The  increase  in  water-quenched  hardness  witli  increasing  austenitizing 
temperature  is  due  to  increased  dissolution  of  carbides.  This 
effect  can  be  seen  by  comparing  Figures  58,  59,  and  60.  The  high 
density  of  carbides  in  specimen  SB  (1,250°  F)  indicates  much  less 
dissolution  of  carbides  than  in  specimen  4F,  (1,625°  F).  The  carbide 
density  in  specimen  50  (1,375°  F)  is  intermediate  to  the  densities 

in  specimens  5B  and  41;. 

2.  The  increase  in  hardness  obtained  by  air  cooling  from  1,250°  and 
1,300°  F austenitizing  temperatures  [specimens  IF,  G,  and  3H)  com- 
pared to  water  quenching  is  attributed  to  partial  aging  of  tlie 
freshly  formed  martensite  during  the  slow  cooling  from  the  Mg 
temperature  to  room  temperature. 

3.  'Hie  decrease  in  as-quenched  hardness  with  increased  soak  time  at 
1,250°  F (specimens  G and  IF)  is  attributed  to  conglomeration  of 
the  undissolved  carbide  particles.  Tliis  effect  would  be  too  subtle 
to  be  seen  metal lographi cal ly  at  a magnification  of  l,000x. 


TABLK  26 


PHASH  I I'lACn INABILITY  IIIiAT  TREATMILNTS 


Specimen  No. 

Miiterial  Condition  (Heat  L3550  TdOJ 

Rc  Hardness*** 

5A 

1,250F  - 16  hr  - water  quench 

31.9 

lA 

Same  as  5A  + 600F** 

36.6 

2A 

Same  as  5A  + 750F 

37.6 

3A* 

Same  as  5A  + 850F 

38.4 

4A* 

Same  as  5A  + 950F 

36.2 

5B 

1,250F  - 24  hr  - water  quench  + -lOOF  - T hr 

36.4 

IB 

Same  as  5B  + 600F 

38.0 

2B 

Same  as  5B  + 750F 

39.1 

3B 

Same  as  SB  + 850F 

39.2 

4B* 

Same  as  5B  + 950F 

.36.0 

IF* 

1,250F  - 8 hr  - air  cool 

38.7 

2F* 

Same  as  IF  + 850F 

39.6 

G 

1,250F  - 16  hr  - air  cool 

37.1 

3H 

1,300F  - 8 hr  - air  cool 

40.1 

IH 

Same  as  3H  + 850F 

42.4 

2H 

Same  as  3H  + 950F 

38.9 

511 

1,300F  - 2 hr  - air  cool 

40.8 

611 

1,300F  - 4 hr  - air  cool 

40.3 

7H 

1,300F  - 6 hr  - air  cool 

40.3 

4H* 

Same  as  6H  + 850F  - 24  hr 

37 

5^’ 

1,375F  - 8 hr  + water  quench 

43.3 

1C 

Same  as  5C  + 600F 

44.7 

2C 

Same  as  5C  + 750F 

46.2 

3C 

Same  as  5C  + 850F 

46.4 

4C* 

Same  as  5C  + 950F 

40.4 

6C* 

Same  as  5C  + 1050F 

38.5 

5D 

1,375  - 16  hr  - water  quench  + -lOOF  - 1 hr 

44.9 

ID 

Same  as  5D  + 600F 

45.0 

2D 

Same  as  5D  + 750F 

47.3 

3D 

Same  as  5D  + 850F 

46.3 

4D 

Same  as  5D  + 950F 

40.1 

411 

1,625F  - 2 hr  - water  quench 

48 

3f: 

Same  as  4F;  + 850F 

51 

IH 

Same  as  4E  + 1,050F 

43 

2E* 

Same  as  4E  + 1,1 50F 

39.3 

Note.s : 

*Selectcd  for  machinabil ity  evaluation 
**AII  aging  times  5 hours  unless  stated  otherwise 
***Average  of  four  readings 
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NITAL  ETCH 


NITAL  ETCH 


I ,000X 


I ,2[)0  F - 2^4  HR  - WATER  QUENCH  + -100  F 


igui'c  58.  \Iicrost  I'lict ure  ol‘  sprc 5 


HR':  > i • ' . 

NITAL  ETCH 


,000X  NITAL  ETCH 


l ijiurc  60.  Microst  ructurc  of  siKvimcii  .^0. 


1,375  F - 16  HR  - WATER  QUENCH  + -iOO  F - I HR 


4.  The  larger  increase  in  hardness  resulting  from  the  subzero  treatment 
of  the  1,250°  F austenitized  specimen  fSB)  compared  to  the  water- 
quenched-only  specimen  (5A)  is  probably  because  of  transformation 
of  some  retained  austenite  that  had  been  sufficiently  enriched  with 
nickel  by  partitioning  to  lower  the  Mg  below  room  temperature  but 
above  -100°  F.  The  increase  in  hardness  resulting  from  subzero 
treatments  of  the  1,350°  F austenitized  specimen  (5D)  compared  to 
the  water-quenched-only  specimen  (5C)  is  similarly  attributed  to 
transformation  of  retained  austenite.  With  the  higher  austenitizing 
temperature,  however,  less  nickel  partitioning  occurs  so  that  there 
is  less  retained  aiistenite  that  can  undergo  transformation  during 
subzero  treatment,  and  a smaller  hardness  increase  is  observed. 

The  1,300°  F heat-treat  tests  on  specimens  4H,  5H,  bH,  and  7H  were 
conducted  to  establish  the  effect  of  austenitizing  soak  time  on  as-quenched 
hardness.  The  data  indicate  a small  decrease  in  hardness  (1/2  Rc  point) 
when  the  austenitizing  time  is  increased  from  2 to  4 hours,  whereas  increasing 
the  soak  time  from  4 to  8 hours  has  no  further  effect  on  as-quenched  hardness. 


PRBLIMINARY  SFiLECTION  OF  mCHINABILlTY  HEAT-TRF:AT  CONDITIONS 

Based  on  the  metallurgical  evaluation,  eight  heat-treat  conditions  were 
selected  for  machinability  testing.  The  selections  were  made  on  the  basis  of 
metal lographic  appearance,  Rockwell  hardness,  and  the  reported  achievement  of 
minimum  material  toughness  on  aging  at  850°  F (Reference  6).  Two  additional 
heat  treatments  were  established  and  evaluated  on  the  basis  of  the  machining 
results  obtained  on  the  eight  initial  specimens. 

Differences  in  micro structure  resulting  from  the  various  heat  treatments 
of  the  specimens  selected  for  the  machinability  tests  are  primarily  evident 
in  the  as-quenched  condition,  and  provide  only  a coarse  selection  criteria. 
The  microstructures  become  more  similar  with  increased  aging  times  because 
of  increased  carbide  precipitation.  The  only  exception  to  this  pattern 
occurred  with  the  1,625°  F austenitizing  treatment.  The  maximum  and  minimum 
hardness  values  obtained  from  the  10  conditions  were  Rockwell  C 40.4  and 
36,  respectively  (Table  27). 


Nhchinabi 1 ity  Testing 

Two  sets  of  machining  tests  were  conducted  in  phase  I.  They  were 
designed  to  screen  the  relative  machinability  of  test  specimens  that  had 
been  subjected  to  the  selected  thermal  treatments.  The  t>qie  of  tool,  tool 
material,  tool  geometry,  edge  condition,  cutting  rates,  depth  and  mode  of 
cut,  progression  of  cuts,  and  v^okmie  of  material  removed  were  held  constant 
during  eacli  set  of  tests.  The  amounts  of  landwear  on  tlie  cutter  iK'-riphery 
and  corner  radius  primary  angles  were  measured  and  used  as  criteria  for 
ranking  the  various  heat  treatments. 


134 


mCHI.VABILrn'  RWKING 


*lind  mill  serial  number. 

*Adclcd  subsequent  to  first  8 tests,  but  same  total  volume  of  material  removed 


( 

\ 

' Ihc  results  obtained  on  testinj?  the  machinabi  lity  of  AP1410  steel,  after 

being  subjected  to  the  various  premachining  heat  treatments,  are  presented  in 
Table  27.  Specimens  2F  and  4H  were  included  to  determine  w'hether  aging  at 
850°  F would  add  to  the  improvement  in  machinabi 1 ity  obsen'ed  for  the  F and  H 
austenitizing  conditions. 

Table  21  lists  the  various  tool  geometry  features  that  were  checked  and 
recorded  on  each  end-mill  cutter  prior  to  testing.  The  average  primary 
cutting  angle  was  9.7  ±0.48  degrees.  The  average  indicator  reading  between 
the  cutter  shank  and  outside  diameter  at  the  primary  cutting  edge  was  0.000.5 
±0.00012  inch.  Secondary  relief  angles  had  the  greatest  variation.  The 
observed  variations  in  cutter  geometry  were  considered  to  be  within  normal 
i tolerance  and  too  small  to  influence  machinability  rankings. 

Fight  heat  treatments  were  evaluated  in  the  first  set  of  machining  tests 
to  obtain  the  order  of  ranking  presented  in  Table  27.  There  was  a 50-percent 
difference  in  tool  wear  for  the  specimen  in  the  heat-treat  condition  giving 
the  most  wear  (specimen  4C  - 0. 0045-inch  wear),  compared  with  the  specimen 
which  had  the  least  wear  (specimen  3A  - 0.00.5-.inch  wear).  Specimens  IF  and 
6C  followed  specimen  3A  ver>'  closely  in  ranking,  with  0.00325- inch  tool  wear. 
Specimen  2H  was  fourth  in  order,  with  a tool  wear  of  0.0035-inch. 

The  top  ranking  of  specimen  .3A,  which  had  been  aged  at  850°  F,  indicated 
a possibility  of  further  improvement  in  the  machinability  of  the  1,250°  and 
1,300°  F air-cooled  specimens  if  they  were  aged  at  850°  F.  The  1,300°  F air- 
cooled and  5-hour,  850°  F aged  .specimen  (IH)  hardness  was  42.4  Rc,  which  was 
j considered  to  be  too  hard  for  good  machinability;  therefore,  .specimens  411 

' (aged  24  hours  at  850°  F,  Rc  37)  and  2F  (aged  850°  F,  5 hours  - Rc  37.1)  were 

included  in  the  .second  set  of  phase  I machinability  screening  test  studies 
1 to  provide  six  conditions  (IF,  3A,  6C,  211,  2F,  and  411)  for  further  testing, 

j This  testing  used  the  cutters  used  in  the  first  .set  of  tests  without  resharp- 

ening for  specimens  IF,  3A,.  6C,  and  2H.  New  cutters  were  used  for  .specimens 
2F  and  211.  The  total  volume  of  metal  removed  from  each  of  the  specimens  was 
the  same. 

The  results  of  the  second  set  of  specimens  are  also  presented  in  Table  2". 
A change  from  first  set  rankings  is  evident.  The  ranking  of  .specimen  IF  is 
first  with  specimens  .3A  and  4H  second,  with  about  5 percent  greater  wear. 
Machinability  of  these  three  conditions  is  essentially  equivalent.  'Die 
spread  in  total  wear  between  the  best  condition  (IF)  and  the  poorest  of  the 
six  (211)  was  33  percent  (0.0015  inch).  The  best  machining  condition  had  a 
hardness  of  38.7  Rc.  All  of  the  heat-treat  conditions  tested  showed  substan- 
tial improvement  in  machinability  compared  to  either  the  as-received  or  full- 
hard  material,  as  observed  in  the  basic  program. 


Selection  of  Machinability  Heat-Treat  Conditions  for  Phase  II  Evaluation 


On  the  basis  of  machinability  and  ease  of  heat  treating,  by  either  the 
mill  or  the  user,  the  IF  condition  was  selected  as  the  first  choice  for 
continuation  into  phase  II.  The  second  condition  selected  was  the  4H  condi- 
tion. 'Ibis  choice  was  made  over  the  3A  condition,  which  indicated  equivalent 
machinability,  because  less  distortion  would  result  from  air  cooling,  and 
also  because  the  4H  condition  would  be  a viable  alternate  in  case  retained 
reverted  austenite*  prevented  proper  full  heat-treat  response  of  material  in 
the  IF  condition.  Hereafter  the  IF  and  4H  treatment  will  be  referred  to  as 
F and  H respectively. 


PHASK  II  - SFLHCTION  OF  PRE-  AND  POST -MACHINE -HEAT -TREAT  COMBINATION 
OBJECTIVE 


The  objective  of  this  portion  of  the  program  was  to  establish  a conven- 
tional quench  and  temper  heat  treatment  for  AF1410  steel  which  (1)  is  compati- 
ble with  the  premachining  heat  treatments  selected  in  phase  I to  give  maximum 
improvement  in  machinability,  (2)  permits  adequate  control  of  finished  part 
dimensions,  (3)  results  in  satisfactory  toughness  properties  in  the  230  and 
250  ksi  ultimate  strength  heat-treat  range,  and  (4)  results  in  acceptable 
weldment  mechanical  properties. 


! 
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Al’PROACH 

A total  of  54  specimens  1-inch  thick  were  given  various  combinations  of 
pro-  and  postmachining  heat  treatments,  and  then  tested  to  determine  tensile 
and  Charpy  impact  values.  The  test  results  were  used  to  evaluate  the  effect 
of  the  pre-machining  heat  treatments  on  the  response  of  various  subsequent 
postmachining  heat  treatments.  On  the  basis  of  this  evaluation,  a final 
combination  of  pre-  and  postmachining  heat  treatments  was  selected,  and 
refinement  of  the  ix)Stmachining  aging  temperature  was  undertaken.  The  effect 
of  the  selected  heat  treatments  on  distortion  and  weldments  was  also  evalu- 
ated. Subsequent  heat-treat  studies  and  toughness  tests  were  performed  on 
2-inch-thick  material  when  it  appeared  that  air  cooling  would  result  in 
satisfactory  response. 


*Snidc  (Reference  6)  states  that  austenite  formed  at  1,250°  F completely 
transfoms  on  quenching  to  room  temperature,  whereas  Little  and  Machmeier 
(Reference  1)  state  that  there  will  be  4 to  6 percent  retained  austenite 
on  quenching  from  a 5-hour  1,250°  (•  aging  treatment. 


13" 


EXPERIMENTAL 


Specimen  Preparation 


Heat-Treat  Response 

A total  of  55  AF14i.O  steel  blocks  were  machined  to  a size  of  1 by  2 by  6 
inches  from  as-receiveJ  stock  that  had  been  final  rolled  and  air  cooled  from 
1,570°  F.  Twenty-seven  of  these  blocks  were  then  subjected  to  the  T>Tie  P and 
27  to  the  T>'pe  H premachining  heat  treatments,  (numbers  1 and  2 of  Table  28). 
Of  the  27  blocks  in  each  group,  10  were  postmachine  heat-treated  with  air 
cooling,  10  with  oil  quenching,  and  seven  with  water  quenching  from  austen- 
tizing  temperatures  of  1,450°,  1,500°,  1,600°,  and  1,650°  F.  Selected  blocks 
were  further  cooled  to  -100°  F to  promote  additional  ■transformation  of 
austenite  to  martensite.  All  of  the  blocks  were  aged  at  950°  F for  5 hours. 
The  postmachining  heat  treatments  used  are  summarized  in  Table  28  and 
Figure  61.  The  55'th  block  was  given  the  standard  AF1410  heat  treatment 
(number  4 of  Table  28)  without  being  subjected  to  the  premachining  heat 
treatment  for  conparison  purposes. 

Each  heat-treated  block  was  machined  and  sectioned  to  obtain  three, 
round  tensile  specimens  per  ASTM  E8  and  three,  standard  Charpy  impact 
specimens  per  ASTM  E23  (Figure  62) 


Aging  Response  Specimens 

Three,  round  tensile  specimens  and  three,  Charpy  impact  specimens  were 
machined  per  ASTM  E8  and  .4STM  E2.5,  respectively,  from  each  of  11  .AF141()  blocks, 
1 by  2 by  6 inches.  These  blocks  had  been  given  the  "F"  premachining  heat 
treatment  followed  by  a postmachining  heat  treatment  (1,650°  F for  1 hour, 
air  cooled,  austenitized  at  1,525°  F for  4 hours,  oil  quenched,  -100°  F for 
1 hour,  age)  with  variations  in  aging  temperature  (925°  to  975°  F)  and  time. 
Also  for  one  set  of  specimens,  the  1,650°  F normalizing  step  was  eliminated 
to  evaluate  if  this  would  significantly  affect  mechanical  properties. 


Fracture  Toughness  Specimen 

Two  compact  tension  fracture  tougimess  specimens  were  macliined  per 
ASTM  E399  from  each  of  three  2-inch  thick  blocks  of  AF1410  steel.  The 
blocks  had  been  given  the  "F"  premachining  heat  treatment,  and  then  subjected 
to  the  selected  postmachining  heat  treatment  (1,650°  F for  1 hour,  air 
cooled,  austenitized  at  1,525°  F for  1 hour,  quench,  -100°  1 for  1 hour, 
age  +950°  F for  5 hours).  Two  of  the  specimens  were  air  cooled,  two  were 
oil  quenched  and  two  were  water  quenched  from  the  1,525°  F austenitizing 
temperature  to  establish  the  effect  of  cooling  rate  on  fracture  toughness.  l 

These  blocks  had  been  given  the  standard  AF1410  heat  treatment  as  a part  of 
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A)-1410  lflL/\T  TR}iA'n'ffi.’'n’  PROCI;DlJRI:S 


Type  of 

Heat  Treatment 

Procedure 

F premachining 

1. 

Austenitize  at  1,250°  F for  8 hours 

(per  phase  I) 

2. 

Air-cool 

H premachining 

1. 

Austenitize  at  1,300°  F for  4 hours 

(per  phase  I) 

2. 

Air-cool 

3. 

Age  at  850°  F for  24  hours 

Postmachining 

1. 

Austenitize  at  1,650°  F for  1 hour 

2. 

Air-cool 

5, 

Austenitize  for  1 hour  at  either 

1,450°,  1,500°,  1,550°,  1,600°  or 

1,650°  F 

4. 

Either: 

a.  Air  cool 

b.  Oil  quench 

c.  Water  quench 

5. 

Either: 

a.  No  refrigerated  cooling 

b.  Cool  to  -100°  F 

6. 

Age  950°  F for  5 hours 

7. 

Air-cool 

Standard 

1. 

Austenitize  at  1,650°  F for  1 hour 

2. 

Water  quench 

3. 

Austenitize  at  1,500°  F for  1 hour 

4. 

Water  quench 

5. 

Age  at  950°  F for  5 hours 

6. 

Air  cool 

1:^9 


■7 


If 
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1 igui'e  61.  l-'loK  chart  showing  the  various  heat -treatment  sequences  evaluated. 


CUT  INTO  5/8  X 1-1/16  x 3 BLANKS 


Sectioning  and  machined  of  AF1410  specimens  for  mechanical  testing. 


r 


the  basic  program  prior  to  being  directed  to  this  effort.  Therefore,  a 
seventh  fracture  toughness  specimen  was  machined  as  a control  specimen  from 
stock  that  had  not  been  subjected  to  the  standard  .AF1410  heat  treatments. 

It  was  heat  treated  along  with  the  oil-quenched  specimens. 


Weld  Specimens 

Two  AF1410  steel  plates,  5/8  by  6 by  18  inches,  each  with  a centrally 
located  "K"  weld  along  the  18-inch  direction,  were  prepared.  The  "K”  joint 
has  one  face  of  the  joint  prepared  with  a double  bevel  and  the  other  has  a 
square  butt  configuration.  This  was  used  to  obtain  a heat-affected  zone 
having  uniform  structure  through  the  plate  thickness  for  impact  testing. 

One  plate,  labeled  AW,  was  welded  in  the  premachine  heat-treat  condition, 
after  which  it  was  given  the  complete  final  heat  treatment.  The  other  plate, 
labeled  BW,  was  given  the  premachined  heat  treat,  normalized,  austenitized, 
subzero  treated,  welded,  and  then  aged  only.  Both  plates  were  sectioned  to 
give  transweld  blanks  for  machining  into  round  tensile  and  Charpy  impact 
test  specimens  containing  the  weld  in  the  test  sections. 


RESULTS 

Heat  Treat  Response 
Micros  true  ture 

The  microstructure  of  AF1410  steel  in  the  full-hard  condition  obtained 
with  the  standard  heat  treatment  is  shown  in  Figure  63.  At  the  magnification 
(250X)  shown,  there  is  no  apparent  difference  between  this  microstructure  and 
that  obtained  when  the  material  in  the  premachining  heat-treat  conditions  is 
subjected  to  the  various  austenitizing  temperatures  and  cooling  rates  listed 
in  Figure  61.  Typical  photomicrographs  of  these  microstructures  are  shown 
in  Figures  64  through  66.  The  similarity  in  microstructure  persists  when 
examined  at  higher  magnifications  with  both  light  and  electron  microscopes, 
as  noted  in  subsequent  Metallurgical  Evaluation. 


Tensile 


The  peak  tensile  yield  strength  values.  Tables  29  through  31,  and 
Figures  67  through  72,  occur  in  the  1,550°  F austenitizing  range  and  exhibit 
an  increasing  trend  with  increasing  cooling  rate  fi.e.,  from  air  cooling  to 
oil  quenching  to  water-quenching,  the  tensile  yield  strength  increases  from 
223  to  229  to  231  ksi,  respectively!.  These  values  were  obtained  by  cooling 
to  -100°  F to  provide  an  increase  of  from  3 to  8 ksi  in  tensile  yield  strength 
of  specimens  austenitized  at  1,500°  to  1,650°  F. 


I 


Doubl / austenitized:  1,650“  F for  1 hour, 
water  quenched;  1,500“  F foi  I hour,  water 
quenched . 

Aged:  950“  F for  5 hours.  (250X) 


I jpurc  ('5.  M l 11(1  stool  (iftor  staii'lnrd  full-hard  heat  treatment 


Austenitized  at  1,500°  F,  air 
quenched,  and  cooled  to  -100°  F 


Austenitized  at  1,500°  F,  and  air 
quenched . 


Austenitized  at  1,550°  F,  and  air 
quenched . 


Austenitized  a'  1,550"  F,  air 
quenched,  and  cooled  to  -100"  F 


i'igiirc  ()4.  .Vl  lllO  stool  var'nisl)-  fully  boat  troatod  usiiiy 
at  tor  lioing  suh  jootod  to  tho  "I  ” |iromachinin_y  boat  troat 
(All  spooimoiis  a.yod  at  050°  I for  5 boiirs.  I 
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Austenitized  at  1,500°  F,  oil 
quenched  and  cooled  to  -100°  F 


Austenitized  at  1,500°  F,  and  oil 
quenched . 


Austenitized  at  1,550°  F,  oil 
quenched  and  cooled  to  -100" 


Austenitized  at  1,550 
quenchc-d  . 


!>■  heal  treated  usinu  oil  i|iienehiii 
])reniaeh i n i iij;  lieat  treat 
dal'  I I'er  a hours.  I 


■e  I laeli 


(KSI) 


(KSI) 


(KSI  ) 


(KSI) 


(KSl) 


Specimens  given  the  "F"  premachining  heat  treatment  had  peak  tensile 
ultimate  and  yield  values  from  1 to  6 ksi  higher  than  those  having  the  "H" 
premachining  heat  treatment.  Thus,  from  the  standpoint  of  maximizing  tensile 
yield  and  ultimate  strength  values,  the  optimum  heat-treat  combination  is  the 
"F"  pre-machining  heat  treatment  followed  by  a postmachining  heat  treatment 
in  which  austenitizing  is  accomplished  at  1,500°  to  1,550°  F. 


Tensile  Elongation  and  Reduction  in  Area 

The  values  for  elongation  and  reduction  in  area  are  presented  in 
Tables  29,  30,  and  31.  The  overall  average  values  in  the  1,500°  to  1,650°  F 
austenitizing  temperature  range  are  16.1  +0.7  and  68.5  +1.9  percent, 
respectively.  The  small  deviations  show  that  the  heat  treatment  combinations 
tested  had  little  influence  on  elongation  and  reduction  in  area. 


Charpy  Impact  Strength 

The  Charpy  impact  results  are  also  presented  in  Tables  29,  30,  and  31 
and  are  shown  graphically  in  Figures  73,  74,  and  75.  The  minimum  goal  was 
40  foot-pounds.  These  results  show  the  air-cooled  and  oil-quenched  specimens 
to  have  peak  values  in  the  1,500°  to  1,550°  F austenitizing  temperature 
range  of  near  54  foot-pounds,  while  the  water-quenched  peak  value  of  60 
foot-pounds  occurs  at  an  austenitizing  temperature  of  1,600°  F.  In  all  cases, 
the  peak  value  occurred  when  the  material  was  in  the  "H”  premachining  heat- 
treatment  condition.  The  "F"  premachining  heat  treatment  yielded  peak 
Charpy  impact  values  that  were  approximately  5 foot-pounds  less  than  those 
obtained  with  the  "H"  premachining  heat  treatment. 


The  tensile  ultimate  strength  is  not  strongly  affected  by  the  cooling 
rate.  Peak  values  of  about  252  ksi  are  observed  with  either  air-cooled  or 
oil-quenched  specimens  austenitized  in  the  temperature  range  of  1,500°  to 
1,550°  F with  or  without  cooling  to  -100°  F.  Values  for  the  water -quenched 
specimens  peak  in  the  1,500°  to  1,550°  F temperature  range  at  a value  just 
below  250  ksi . 


Cooling  to  -100°  F had  little  effect  on  the  Charpy  impact  values  except 
when  austenitizing  was  done  at  1,450°  F where  peak  tensile  ultimate  strength 
and  tensile  yield  strength  values  are  not  achieved.  In  the  case  of  austeni- 
tizing at  1,450°  F,  subsequent  cooling  to  -100°  F caused  the  tensile  ultimate 
strength,  tensile  yield  strength,  and  Charpy  impact  values  to  increase  on 
the  order  of  25  percent. 
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ffiCllWICU  PROPr.RTHiS  OF  .^1-14 10  SPF.CIiniNS  H1L4T  TRFATIiD  WITH  AIR  COOLING* 
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*A11  specimens  aged  at  950°  F for  5 hours  fafter  air-cool)  then  air-cooled. 
*Average  value  of  3 tests 

1)  F = 1250°  F - 8 hr  - air  cooled 

2)  H = 1300°  F - 4 hr  - aged  840°  F - 24  hr 
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fl)  P - 1250°  F - 8 hr  - air  cooled 

(2)  H = 1300°  F - 4 hr  - aged  840°  F - 24  hr 
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specimens  aged  at  950°  F for  5 hours  (after  water  quench)  then  air-cooled 
age  Value  of  3 Tests 
- Water  quenched  from  1650°  F 
■ 1250°  F - 8 hr  - air  cooled 
^ 1300°  F - 4 hr  - aged  850°  F - 24  hr 


CHARPY  (FOOT-POUND) 


CHARPY  (FOOT-POUNDS) 


f-igure  74.  Chaipy  impact  value  versus  austenitizing  and  cooling  temperature 

lor  oil-quencheu  Al'lllO  steel. 


Hardness 


Hardness  measurements  were  made  on  polished  and  etched  sections.  The 
results,  presented  in  Table  32,  show  a hardness  range  of  40.7  to  50.8  Rc. 

Specimens  austenitized  in  the  temperature  range  of  1,500°  to  1,650°  F had 
hardness  values  in  the  range  of  48.2  to  50.8  Rc,  regardless  of  the  quenching 
medium  or  subzero  treatment.  Specimens  austenitized  at  1,450°  F and  not 
given  the  subzero  treatment  had  hardness  values  in  the  range  of  40.7  to 
43.8  Rc,  regardless  of  the  quenching  medium.  If  given  the  subzero  treatment, 
the  hardness  values  for  the  1,450°  F austenitized  specimens  increased  to  the 
48.2  to  50.8  Rc  range.  Apparently,  the  additional  martensite  transformation 
that  occurs  during  the  subzero  treatment  of  the  1,450°  F austenitized  speci- 
mens is  sufficient  to  bring  the  hardness  level  up  to  that  of  the  specimens 
austenitized  at  1,500°  F and  above.  I 


Aging  Response 

Results  of  aging  optimization  tests  are  presented  in  Table  33,  and  are 
shown  in  Figures  76  through  78.  Figure  79  shows  the  microstructure  obtained 
for  each  condition.  These  results  indicate  the  optimum  aging  temperature  and 
time  to  be  925°  F and  5 hours,  respectively.  However,  950°  F and  5 hours  are 
recommended  for  production  at  this  time  to  allow  for  variations  in  tempera- 
ture control  and  heat-to-heat  material  variations.  Additional  studies  using 
the  925°  F aging  temperature  should  be  included  in  future  programs  in  order 
to  establish  the  practicality  of  using  this  aging  temperature  in  production. 

Elimination  of  the  normalizing  treatment  did  not  affect  resulting 
properties  indicating  the  possibility  that  this  step  may  be  eliminated,  upon 
further  verification. 


Fracture  Toughness 

The  results  of  the  fracture  toughness  tests  are  presented  in  Table  34. 
The  average  fracture  toughness  values  are  158.7,  140.2,  and  146.6  ksi  v/in. 
for  the  air,  oil,  and  water-quenched  specimens,  respectively.  The  value  of 
140.2  ksi  yin.  is  sufficiently  close  to  the  oil-quenched  control  specimen 
value  of  136.8  ksi  7 in.  to  indicate  that  the  full  heat  treatment  of  the 
two- inch- thick  blocks  prior  to  being  given  the  premachining  heat  treatment 
did  not  affect  the  fracture  toughness.  The  significantly  higher  fracture 
toughness  of  the  air-cooled  specimens  suggested  that  air  cooling  should  be 
considered  as  well  as  oil  quenching  for  the  postmachining  heat  treatment; 
especially  since  air  cooling  produces  less  distortion  tiian  oil  quenching. 

The  mechanical  properties  obtained  on  tensile  testing,  as  shorn  in  Table  35, 
indicate  that  there  is  only  a slight  loss  of  yield  strength  with  air  cooling. 
Charpy  impact  test  results,  listed  in  Table  35,  also  indicate  improved 
toughness  in  the  air-cooled,  two-inch-thick  blocks. 
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ll-WICU  TliSTING  OF  .-M-UIO  STF.FL  SPF.ClMTiNS  MACHINF.D  FROM  1 - INCH-'IHICK  BLOCKS 
HI;AT  TRILATFD  USIN'(>  VARIOUS  ACUNG  TIMliS  TF>1PHRATURF.S 


ues  are  averages  ol  test  results  from  three  specimens 


Figure  76.  Hffect  of  aging  time  and  temperature  on  tensile  yield  streng 


le  and  temperature  on  charpy  impact  values  oi 
treated  .\F1410  steel. 


figure  78.  Effect  of  aging  time  and  temperature  on  ultimate  tensile  strength 

of  heat-treated  AE1410  steel. 


F for  2 hours 


F for  2 hours 


F for  10  hours 


‘).  \i)|K';ii-;iiK-e  of  iiiicrost  natures  in  fulI-harJ  (oil  quenoiiod  I 
Mill!'  auotl  at  \a)-ioij<  t omperat  iiros  and  times  I al'I'X  ) . 


TABLE  34 


FIUC'lTJRli  TOIJCUNHSS  TEST  RfiSULTS  ON  VARIOUSLY  QUENCHED 
AE1410  in;AT  TREATI:D  S'FEEL 


No. 

Specimen 

identification 

Quenching 

medium 

KiC 

(ksi  in.) 

1 

IVR  4^ 

Air 

154.9 

2 

WR  5I 

Air 

162.5 

3 

UR  9I 

Oil 

138.6 

4 

IVR  10^ 

Oil 

141.9 

5 

WR  14^ 

Water 

148.6 

6 

IVR  15^ 

Water 

144.6 

7 

IVR  lb 
(control  1 

Oil 

136.8 

1 

Subjected  to  full-hard  heat  treatment  prior  to 
being  giv^en  the  machinable  heat  treatment,  followed 
by  a second  full-hard  heat  treatment. 

DISTORTION 

The  results  of  measurements  to  quantify  the  amount  of  distortion  on 
heat  treating  are  shown  in  Figure  80.  As  would  be  expected,  oil  quenching 
resulted  in  significantly  more  distortion  than  air  quenching.  Measurements 
on  water -quenched  parts  were  not  obtained.  However,  there  is  little  question 
that  water  quencliing  would  produce  significantly  more  distortion  than  oil 
quenching. 


CRACK  CKOU'Jil  RATIi 

Tlie  results  of  da/dn  testing  of  specimens  subjected  to  the  air-cooled 
and  oil -quenched  versions  of  the  postmachine  heat  treatment  are  presented 
graphically  in  i-igurc  81  along  with  previous  results  obtained  on  a standard 
\I1410  heat-treated  (water-quenched)  specimen.  ATI  specimens  were  1 inch 
tliick,  of  the  compact  tension  type,  and  tested  in  the  UR  direction  (crack 


RiiSiii.TS  Of-  Nn:(:nv\'u;.\i.  iiiSTiNc^  oi-  .-xj-hio  sPl:CI^^^\s  hachim-d  trom  z-incH'-tfitck  bi^ocks 

HlLVr  TRILXTIU)  USING  VARiaJS  QiniNCUING  FD^DIA 


R QUENCH 


dd/dN  MICRDINCH/CYCLE 


1000 


100 


A K K5 I JTn 

Figure  81.  Flffcct  of  oil.  air,  and  water  quenching  during  heat  treatment  on 

rate  of  crack  growtli  in  AFMIO  steel. 
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parallel  to  the  rolling  direction) . The  crack  growth  rate  curves  are 
practically  identical  for  all  three  of  the  variously  quenched  specimens. 
Thus,  the  effects  of  quenching  medium  are  insignificant  relative  to  da/dn 
charac  teristics. 


FATIGUE  LIFE 

The  fatigue  test  results  obtained  on  AF1410  specimens  heat  treated  by 
austenitizing  at  1,525°  F and  air  cooling  are  listed  in  Table  36  and  shown 
graphically  in  Figure  82,  along  with  the  results  obtained  on  standard  heat- 
treated  (water-quenched)  specimens.  The  results  are  very  similar. 

It  is  concluded  that  the  use  of  air  cooling  during  postmachining  heat 
treatment  for  thicknesses  iq?  to  2 inches  has  no  detrimental  effect  (except 
for  a possible  minor  reduction  in  yield  strength)  on  the  mechanical  proper- 
ties of  AF1410,  and  provides  a major  benefit  in  reduced  distortion  on  heat 
treating  rough  machined  parts.  Another  benefit  is  an  increase  in  fracture 
toughness  from  146.6  ksi  /in.  for  the  standard  heat  treatment  (water  quenched 
to  158.7  ksi  /in.  for  the  air-cooled  version  of  heat  treatment.  Specimens 
subjected  to  the  oil-quench  version  of  heat  treatment  had  an  average  fracture 
toughness  value  of  140.2  ksi  /in.,  which  is  low  conpared  to  the  air-  or  water- 
quenched  specimen  data. 


WELD  PROPERTIES 

The  results  obtained  on  testing  weld  specimens  are  presented  in 
Table  37.  Failure  locations  and  microstructures  are  shown  in  Figures  83 
through  86.  BW  designates  specimens  heat  treated  (except  for  aging)  prior 
to  welding,  and  AW  designates  specimens  heat  treated  after  welding. 

The  tensile  test  results  show  the  ultimate  and  yield  strengths  of  the 
welds  in  both  the  AW  and  BW  plates  to  be  about  90  percent  of  the  parent 
metal.  The  elongation  values  are  75  percent  of  the  parent  metal  values, 
primarily  as  a result  of  yielding  being  limited  to  the  weld  length.  Since 
the  weld  length  was  significantly  less  than  the  1-inch  gage  length,  it 
follows  that  the  actual  elongations  of  these  specimens  would  be  significantly 
higher  than  the  values  reported  in  Table  37  if  the  gage  length  were  reduced 
to  include  only  the  weld.  The  reduction- in- area  values  are  also  probably 
affected  by  parent  material  restraint  on  the  weld  deformation. 

The  Charpy  impact  test  values  show  the  impact  strength  of  the  welds  and 
the  heat-affected  zones  of  the  AW  and  BW  specimens  to  be  equal  to  or  higher 
than  the  parent  metal  values. 

The  photomicrographs  show  the  typical  weld  metal  failures  which  occurred 
on  testing  tensile  specimens,  and  the  various  notch  (failure)  locations  in  the 
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TABLE  36 

ROOM  TEMPERATURE  AXIAL  FATIGUE  TEST  RESULTS  FOR  AIR  QUENCHED 
AF1410  ALLOY  STEEL  (2- INCH-THICK  PLATE  STOCK)  UNI\^RSAL 
CYCIDPS  HEAT  NO.  L-3530  K20 


Specimen 


Specimen 


Stress 


identification  direction  concentration  factor 


Transverse  K^  = 1.0  +0.05 


Stress  % 
ksi  Ftu 


^ Rerun  specimen 

NOTE:  Transverse  Ftu  = 238.2  ksi 


Cycles  to 
failure 

50,000 

10  X 10^ 

NF 

23,000 

221,000 

92,000 

10  X lo"^ 

NF 

69,000 

57,000 

10,000 

40,000 

Axial  Tension  - Tension  Fatigue  Test  Results  for  AF1410  Alloy  Steel 
3/4  Inch  Thick  Plate  Stock  - Universal  Cyclops  Heat  No.  L3614  K 18 
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Figure  82.  Effect  of  air  and  water  quenching  on  fatigue  response  of  AF1410  steel. 


^ECHANICAL  PROPERTIES  OF  AF1410  STEEL  SPECIICNS  JOINED  IN  THE  TEST  SECTION  BY  WELDING 


Weld  region  (250X) 


Longitudinal  section  (6X) 


Parent  metal  region  (250X) 


Microst  nictvirc  of  an  i'ractiircd  specimen 

heat -t  leated  after  ivelJiii}’. 


Weld  metal  in  K-joint  (250X) 


Longitudinal  section  (6X) 


Parent  metal  (250X) 


Reverted  austenite 

Heat-affected  zone  (250X)  (eyebrow  region) 

liijiirt'  84.  Microst  ructuic  of  a "Bh"  I'lact  nroJ  tensile  s|ieeiinen 
solution  treated  and  |iostueld  aged. 


Charpy  Impact  specimens.  A comparison  of  the  microstructures  of  specimens 
heat-treated  after  welding  (Figures  83  and  85)  with  the  microstructures  of 
specimens  austenitized,  welded,  and  postweld  aged  (Figures  84  and  86"'  indicates 
a significant  change  in  microstructure  due  to  postweld  heat  treating.  The 
eyebrow  regions  of  reverted  austenite  have  been  completely  eliminated  by  the 
postweld  heat  treatment,  and  the  weld  microstructure  has  been  nearly  eliminated, 
making  it  difficult  to  discern  the  weld  metal  from  the  base  material.  The 
structural  differences  seen  in  the  weld  and  aged  heat  affected  zones  did  not 
affect  the  Charpy  impact  strength  as  demonstrated  by  the  low  standard  devia- 
tion (o)  of  the  as-welded,  heat -affected  zone  impact  strength  values. 

lliese  results  show  that  although  there  are  significant  differences  in 
microstructurc  as  a result  of  different  welding/heat-treat  sequences,  these 
differences  are  not  reflected  in  the  tensile  and  impact  strengths. 


NIFTALLURGICAI.  MAI.YSIS 

To  supplement  the  data  dev'^eloped  in  mechanical  testing,  a detailed  metal- 
lurgical analysis  of  representative  test  specimens  was  performed.  This 
analysis  included:  (1)  standard  light  microscopy  to  evaluate  general  micro- 
structure, (2)  transmission  electron  microscopy  to  determine  martensite  mor- 
phology, location  of  retained  austenite,  and  carbide  distribution,  (3) 
quantitative  X-ray  diffraction  (Reference  7)  to  determine  volume  fraction  of 
retained  austenite,  and  (4)  scanning  electron  microscopy  to  characterize  the 
fracture  faces  of  Charpy  and  tensile  specimens.  The  specimens  selected  for 
this  effort  and  their  heat-treat  history  are  listed  in  Table  38. 


Micrographic  livaluation 


Optical  micrographs  (500X)  of  cross  sections  from  specimens  FI 2,  FIO,  F8 , 
1C,  7C,  2C,  pmllT,  "F",  and  TIO  are  shown  in  Figures  87,  88,  and  89.  There 
are  no  apparent  differences  in  the  niicrostructures  except  in  the  case  of 
specimens  "F"  and  TIO  (Figure  89).  This  indicates  that  AF14U)  microstructure 
is  insensitive  to  cooling  rate  for  both  1-  and  2-inch-thick  material.  The 
microstructurc  of  the  "F"  specimen  has  a very  dense  carbide  distribution, 
possibly  with  some  sphereoidization,  which  probably  contributes  to  the  excel- 
lent machinabi 1 ity  of  AF1410  in  this  condition.  The  overaged  condition  of 
T-10  has  a low-density  carbide  distribution  compared  to  all  of  the  other 
microstructures . 


Transmission  electron  micrographs  of  the  specimens  show  that  the  retained 
austenite  lies  primarily  at  the  martensite  plate  boundaries.  A uniform 
distribution  of  fine  carbides  is  generally  observed  with  some 
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evidence  of  precipitation  along  crystallographic  directions.  There  is  no 
significant  variation  in  carbide  morphology  because  of  quenching  medium  or 
material  thickness.  The  blocky  form  of  austenite  in  the  "F"  specimen,  which 
had  been  given  the  1,250°  F,  8-hour  premaching  heat  treatment,  is  consistent 
with  reverted  austenite.  The  microstructure  is  overtempered  martensite  and 
reverted  austenite  resulting  from  nickel  partitioning.  The  microstructure  of 
speciment  TIO  indicated  a coarse  martensitic  structure  with  reverted  aus- 
tenite at  the  lath  boundaries  and  a uniform  distribution  of  fine  carbides. 

The  microstructure  is  essentially  the  same  after  full  heat  treatment  regard- 
less of  whether  the  material  was  previously  in  the  "F"  condition.  Typical 
transmission  electron  micrographs  are  shown  in  Figures  90  and  91. 


Fractography 

Scanning  electron  micrographs  of  selected  tensile  and  Charpy  bars  are 
shown  in  Figures  92  - 100.  (Note:  Figure  94  is  an  energy  dispersive  X-ray 
spectographic  analysis  performed  on  tensile  specimen  F-6-2).  The  tensile 
fractures  for  specimens  F-6,  F-10,  and  PMFTT  were  standard  cup-  and  cone-type 
fractures  exhibiting  dimpled  rupture  in  the  center  surrounded  by  a circum- 
ferential shear  band  (see  Figures  92  and  93).  The  X-ray  analysis  (Figure  94) 
showed  no  difference  in  composition  between  the  hole  (location  5,  Figure  92) 
and  the  matrix  of  the  tensile  specimen.  Prior  to  this  analysis,  it  had  been 
thought  that  the  hole  may  have  been  because  of  local  structural  morphology, 
such  as  carbides  or  high  nickel  austenite  (reverted) . 

The  "F"  tensile  specimens  exhibited  cup  and  cone  fractures  with  large 
axial  cracks  extending  along  the  specimen  diameters  (Figures  95  and  96). 

The  tensile  test  results  for  the  specimens  are: 


F^y  (kSi) 

F (ksi) 
tu  ^ 

Elong  (1) 

RA  (1) 

124 

126 

17 

62 

121 

176 

16 
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The  tensile  specimen,  T-10,  also  had  a cup  and  cone  fracture  but  con- 
tained radial  cracks  in  the  central  portion  of  the  fracture  (Figures  97, 

98,  99,  and  100).  Detailed  SHI  examination  showed  no  association  of  the 
radial  cracks  (or  "tensile  splitting")  with  micro s t ructure . The  presence  of 
shear  dimples  adjacent  to  the  cracks  (see  micrograph  305  005  of  Figure  99) 
suggests  that  'n  extreme  triaxial  stress  state  developed  in  this  specimen 
during  testing,  causing  the  observed  tensile  splitting. 
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The  Charpy  bars  F-6,  F-19,  and  BCTF  (Figures  101  and  102)  exJiibited  very 
similar  fractures  with  a small  shear  zone  at  the  leading  edge  of  the  fracture 
and  ductile  rupture  developing  as  the  crack  progressed.  All  four  specimens 
exliibited  a series  of  parallel  markings  at  low  magnification,  vdiich  higher 
magnification  showed  to  be  secondary  cracking  (e.g.,  Figure  102:302  003J . By 
contrast,  the  low  impact  strength  (Figure  103),  (28  ft-lbl  specimen  T-10 
exhibited  very  little  secondary  cracking  and  crack  propagation  was  pre- 
dominantly intergranular  (Figure  104:306  003,  306  005).  Tlie  higher  impact 
resistance  of  the  PNDff  specimen  (60  feet  per  pound)  probably  resulted  from 
the  initial  fracture  shear  zone  being  steeply  inclined  to  the  macroscopic 
crack  plane. 


Austenite  Determination 

Results  of  the  X-ray  diffraction  analysis  to  determine  the  volume  frac- 
tion of  austenite  are  listed  in  Table  39.  A summary  of  these  results  and  data 
developed  at  AI^L  on  samples  from  this  program  are  listed  in  Table  40.  For 
1-  and  2- inch-thick  material,  the  effect  of  section  thickness  and  cooling 
rate  on  the  volume  fraction  of  retained  austenite  does  not  appear  to  be  signi- 
ficant. (The  value  for  the  oil-quenched,  1-inch  specimen  appears  to  be 
anomalously  high).  When  the  material  is  held  at  higher  aging  temperatures 
(e.g.,  T10-975°  F,  10  hours  and  F-1250°  F,  8 hours),  nickle  will  partition 
resulting  in  reverted  austenite.  Evidence  for  this  effect  is  the  high  volume 
percentages  (4.30  and  6.18)  of  austenite  in  the  TIO  and  "F"  specimens.  The 
data  also  indicates  that  subsequent  heat  treatment  of  material  given  either 
premachining  heat  treat  ("H"  or  "F")  returned  the  percentage  of  reverted 
austenite  to  the  same  level  as  material  only  given  the  standard  heat  treat- 
ment. This  verifies  that  full-hard,  heat-treat  response  was  not  impaired  by 
either  the  "H"  or  the  "F"  premachining  heat  treatment. 

Metallurgical  analysis  indicates  that  although  approximately  6 volume 
percent  of  reverted  austenite  results  from  the  "F"  premachining  heat  treat, 
no  inpairmeut  of  subsequent  heat  treat  occurs.  The  similarity  of  micro- 
structure of  various  quenched  specimens  is  in  agreement  with  results  that, 
in  thickness  up  to  2 inches,  AF1410  is  relatively  insensitive  to  cooling 
rate.  Tensile  splitting,  which  occurred  in  overaged  tensile  specimens,  is 
attributed  to  an  extreme  triaxial  state  during  testing. 


HEAT  TREAT  SELECTION 

On  the  basis  of  obtaining  the  maximum  improvement  in  machinability  com- 
mensurate with  cost  and  the  retention  of  (1)  satisfactory  tensile  ultimate 
and  yield  strengths,  (2)  satisfactory  fatigue,  da/dn  crack  rate  grow’th,  and 
impact  properties,  (3)  good  weldability,  and  (4)  freedom  from  distortion. 
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TABLH  59 


RETAINED  AUSTENITE  CONTENT  OF  VARIOUSLY  FttiAT- TREATED  AF1410  STEEL  SPECIMENS 


Retained  austenite 


Std  ht  (-)  standard  heat  treat 


the  recommended  heat -treatment  combination  of  AF1410  steel  to  obtain 
maximum  machinability  for  sections  through  2 inches  thick  is  as  follows: 


Premachining  Heat  Treatment 

1.  Austenitize  at  1,250°  F for  8 hours 

2.  Air  Cool 


Postmachining  Heat  Treatment 


1. 

Austenitize  at  1,650° 

F for  1 hour 

(if  not  previously  performed) 

2. 

Air  Cool 

3. 

Austenitize  at  1,525° 

±25°  F for  1 

hour 

4. 

Air  Cool 

5. 

-100°  F for  1 hour 

6. 

Age  950°  ^10°  F for  5 

hours 

An  austenitizing  temperature  of  1,525°  ±25°  F has  been  selected  over  t?ie 
standard  1,500°  F treatment  because  of  the  lower  properties  indicated  at 
1,450°  F.  It  is  not  now  known  exactly  at  what  point  below  1,500°  F an 
unsatisfactory  heat-treat  response  will  occur.  Consequently,  an  austen- 
itizing tenperature  range  was  selected  to  assure  that  no  significant  variation 
in  properties  occurs  within  the  normal  heat-treat  furnace  control  capabiHty. 


PHASE  III  - DETERMINATION  OF  MACHINING  PARAMETERS  FOR  AF1410  STEEL 
OBJECTIVE 

The  objective  of  Phase  III  was  to  establish  optimum  AF1410  steel 
machining  procedures  for  the  end  milling,  drilling  and  reaming  machining 
processes  used  in  the  fabrication  of  conplex  airframe  hardware. 


APPROACH 

AF1410  steel  specimen  blanks  were  prepared  and  given  either  the  selec- 
ted pre-machine  heat  treatment  or  the  selected  pre  and  post  machining  com- 
bination heat  treatment.  Both  conditions  were  machined  by  end  milling 
with  the  full  hard  material  only  used  for  drilling  and  reaming  studies. 

Slot  and  semislot  end  milling,  drilling,  and  reaming  were  selected  for 
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I evaluation  in  this  program  because  they  represent  high-cost/high-usage 

processes  in  airframe  fabrication.  A range  of  feeds  and  speeds  were  used 
to  establish  cutter  tool  life  at  a landwear  of  0.008  inch.  The  results  * 

were  used  to  calculate  the  values  of  the  constants  in  a tool  life  equation.  - 

This  equation  was  used  in  combination  with  machining  cost  equations 

(Table  41)  to  establish  the  costs  for  machining  the  three  AF1410  steel  test  J 

part  configuration,  and  to  establish  minimum-cost  operating  speeds  (Table  42).  ] 

The  results  of  these  calculations  were  analyzed  in  conjunction  with  i 

^ observations  of  cutter  performance  relative  to  chipping,  overheating,  and 

machined  surface  integrity  to  establish  optimum  machining  parameters  for 
AF1410  steel. 


i RESULTS  AND  DISCUSSION 

! 

i End  Milling 

t 

I Premachine  Heat-Treat  Condition 

The  results  of  the  end  milling  tests  with  Cobalt  HSS  and  carbide  cutters 
on  AF1410  steel  in  the  premachine  heat-treat  condition  are  presented  in 
Tables  43  through  44,  and  Figures  105  and  106.  Examination  of  the  results 
in  Table  43  indicates  that  the  tool  life  of  cutters  with  11-degree  primary 
and  22-degree  secondary  angles  was  significantly  better  (by  about  100  per- 
cent on  the  average)  than  for  cutters  with  7-degree  primary  and  14-degree 
secondary  angles.  Based  on  early  indications  of  better  tool  life  at  higher 
drip  loads  and  higher  metal  removal  rates,  the  six- flute  cutter  was  selected 
for  con^letion  of  the  machining  studies.  The  data  in  Table  43  indicates  that 
a metal  removal  rate  of  approximately  77  cubic  inches  per  hour  and  a tool  life 
of  about  290  inches  of  travel  can  be  achieved  with  six- flute,  high-speed  steel 
cutters  at  a chip  load  of  0.00292  inch  and  a speed  of  66  SFM.  This  result 
is  markedly  superior  to  that  obtained  in  the  limited  studies  on  the  four- 
flute  cutters. 

Careful  attention  to  machining  practice  was  required  to  achieve  optimum 
tool  performance.  For  example,  severe  flute  cracking  (Figure  107)  resulted 
from  chip  entrapment  due  to  improper  cutting  fluid  application.  This  factor, 
and  machining  speed  and  chip  load  are  especially  important  in  providing  good 
surface  integrity.  However,  since  rough  machining  operations  are  usually 
followed  by  heat  treatment  and  finish  machining  operations,  surface  integrity 
requirements  for  a rough  machined  surface  are  usually  not  of  concern. 

Although  not  anticipated  to  be  cost  effective  for  rough  machining 
AF1410  steel,  several  carbide  end  milling  cutters  were  nevertheless  tested 
for  this  application  (Tables  45  and  46).  The  performance  in  all  cases  was 
poor  because  of  excessive  chipping  (Figure  108),  and  testing  of  carbide 
' cutters  for  rough  end  milling  was  discontinued. 
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OPTIMIZED  MACHINING  EQUATIONS 
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Taylor  Equation  Modification 

Initially,  the  Taylor  tool  life  equation  was  used  for  determining  the 
optimum  feed  and  speed  for  machining  AF1410  (Reference  5 ) . The  results  as 
presented  in  Figure  105  show  that  the  observed  tool  wear  accelerates  at  a 
faster  rate  than  is  taken  into  account  by  the  Taylor  equation.  As  a conse- 
quence, optimum  values  for  machining  AF1410  could  be  in  error  if  calculated 
on  the  basis  of  the  Taylor  equation. 

In  an  effort  to  correct  this  situation,  an  enpirical  modification  of  the 
Taylor  equation  was  made  as  follows: 


VT^f' 


where 


V 

T 

f 

Z 


= KZ" 

= machining  speed 
= tool  life 


= feed  (chip  load) 

•jr* 

= modification  factor  = exp  B [1  + V f)  - V f] 


n,a,k,B,r  = constants 


It  is  readily  apparent  that  if  Z is  set  equal  to  1,  the  modified  equation 
reduces  directly  to  the  Taylor  equation.  Further,  it  is  emjihas i zed  that  the 
modified  equation  was  developed  specifically  to  fit  the  end  milling  data  for 
AF1410,  as  reported  herein.  Additional  modification  would  undoubtedly  be 
required  for  more  general  application. 

The  least  square  fit  of  the  modified  equation  to  the  end  milling  data 
is  shown  in  Figure  105  in  conf)arison  to  the  Taylor  equation  fit.  The  better 
fit  of  the  modified  equation  can  be  seen.  The  sharp  dropoff  in  tool  life 
coincides  with  the  appearance  of  oxidized  chips,  evidenced  by  gold  to  blue 
coloration,  signifying  excessive  heat  generation. 

The  Taylor  equation  and  the  described  modification  were  used  with  the 
cost  equation  for  end  milling  (Table  41)  to  obtain  the  comparative  costs  of 
rough  machining  a part  (Figure  106).  The  results,  as  plotted  in  Figure  106, 
show  the  Taylor  equation  minimum  costs  to  occur  at  machining  speeds  of  150 
to  400  SFM,  depending  on  chip  load.  These  speeds  are  well  in  excess  of  the 
Co  USS  cutter  capability  in  this  application,  as  is  evident  from  Figure  105, 
and  are  therefore,  unrealistic.  In  comparison,  the  machining  speeds  for 
minimum  costs  obtained  with  the  modified  equation  are  in  good  agreement  with 
the  ex{ierimental  results.  The  minimum  cost  speed  and  minimum  cost  per  part 
results  are  presented  in  Table  41’.  Although  the  cost  appears  to  decrease  with 
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chip  load,  the  desirable  tool  wear  pattern  (Figure  108a)  can  be  expected  to  ^ 

give  way  to  chipping  of  the  cutting  edges  (Figure  108b) , and  thereby  limit 

the  chip  load  at  some  point.  The  results  of  this  program  did  not  provide  ; 

a precise  value  for  this  limit,  but  it  is  estimated  to  be  between  0.0035  1 

and  0.004  inch.  I 


Full-Hard  Condition 

The  results  of  end-milling  tests  on  AF1410  in  the  full-hard,  heat-treat 
condition  are  presented  in  Tables  48  and  49,  and  in  Figures  109  through  111. 

Six-flute  Cobalt  HSS  cutters  with  a 28-degree  helix  angle,  a 7-degree  primary 
angle,  and  a 15-degree  secondary  angle  were  used  in  the  tests.  This  cutter 
geometry  was  selected  as  being  typical  of  that  used  for  finish  machining  of 
full-hard,  high-strength  steels. 

As  with  the  results  for  end  milling  AF1410  in  the  premachine  heat- 
treat  condition,  both  the  Taylor  equation  and  the  modified  Taylor  equation 
were  fit  to  the  tool  life  test  results,  as  shown  in  Figure  109.  In  this 
case,  however,  both  curves  seem  to  fit  that  data  reasonably  well.  This  can 
be  attributed  to  the  fact  that  no  sharp  dropoff  in  tool  life  was  observed 
within  the  range  of  speeds  and  feeds  tested.  The  maximum  oxidation  observed 
on  the  chips  was  a dark-brown  color.  This  indicates  that  the  maximum 
temperature  reached  was  lower  than  that  reached  in  the  premachine  heat-treat 
tests,  and  suggests  that  entry  into  a sharp  dropoff  region  had  not  progressed 
as  far  as  in  the  premachining  heat-treat  tests.  Thus,  the  prediction  of  a 
sharp  dropoff  in  tool  life  suggested  by  the  fit  of  the  modified  equation  to 
the  data  from  the  full-hard  tests  (Figure  109)  may  be  true. 

Of  interest  is  the  fact  that  the  tool  life  on  machining  air-cooled  or 
oil-quenched,  full-hard  AF1410  steel  is  nearly  three  times  that  obtained 
when  machining  water- quenched,  full-hard  material  based  on  the  results  in 
Table  49.  The  reason  for  this  was  not  evident. 

The  finish  end-milling  costs  for  full-hard  AF1410  are  shown  graphically 
in  Figure  109  as  obtained  using  both  the  Taylor  equation  and  the  modified 
equation.  The  modified  equation  predicts  only  slightly  higher  costs  than  the 
Taylor  equation.  However,  the  Taylor  equation  minimum  cost  speeds  for  the 
higher  chip  loads  appear  overly  optimistic,  while  the  modified  equation  speeds 
are  considered  to  be  very  realistic.  Therefore,  the  modified  equation  was  < 

used  to  determine  the  minimum  cost  speed  and  minimum  cost  per  part  results 
presented  in  Table  47 . 


Surface  integrity  of  the  full-hard  AF1410  steel  after  end  milling  at 
near  minimum  cost  conditions  of  85  SFM  speed  and  0.00192  IPT  feed  is  shown 
in  Figure  111b.  Light  plastic  deformation  and  very  light  tearing  are  evident. 
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Tool  life  (inches  travel  to  0. 008-inch  landwear) 


Figure  109.  Cobalt  IISS  cutter  tool  life  for  end  milling  Ain410 
steel  in  full-hard  condition. 
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A reduction  in  speed  to  b'’  Si'M  eliminated  these  features  yielding  excellent 
surface  integrity  (figure  111a).  Consequently,  depending  on  the  degree  of 
surface  integrity  quality  required,  full-hard  AF1410  end-milling  cutter  speed 
may  have  to  be  reduced  from  that  for  minimum  machining  cost  by  up  to  25  percent. 

Attempts  were  made  to  finish  end-mill,  full-hard  AF1410  steel  with  a solid 
Cb  carbide  cutter  having  a 2()-degree  helix  angle,  a b-degree  primary  angle,  and 
a 15-dcgree  secondary  angle.  Vtlien  tested  at  a speed  of  103  SFM,  a feed  of 
0.00137  IPT,  a depth  of  0.050  inch,  and  a width  of  0.725  inch,  severe  corner 
radius  chipping  occurred  within  a travel  of  18  inches  (Table  49).  The  chips 
were  oxidized  to  a blue  color.  As  a result  of  this  performance,  further 
testing  of  carbide  cutters  for  end-milling  full -hard  Al-1410  steel  was 
discontinued. 


Dr i 1 1 i ng 

The  results  of  the  drill  tests  on  1 . 1- inch-thick,  full  (air  quenched) 

AF1410  steel  blanks  are  presented  in  Tables  50  and  51.  The  data  presented 
was  obtained  using  Cobalt  M42  drills  with  standard  split-point  (SP)  geometry, 
and,  for  comparative  purposes,  using  som.e  drills  with  a special  SK  point  ground 
with  an  Omark  IV inslomat ic  spiral  drill  pointer  machine  per  Rockwell  drawing 
SK207-100.  Typical  land  wear  on  a Cobalt  HSS  M42  drill  is  showTi  in  Figure  112. 
As  with  the  end-mill  tests,  tools  made  of  carbide  performed  poorly  compared  to 
those  made  of  Co  HSS.  Consequently,  testing  was  concentrated  on  the  use  of 
Co  HSS  drills. 

The  use  of  the  SK  drill-point  geometry  results  in  improved  selfcentering 
which  might  be  expected  to  result  in  increased  tool  life.  However,  although 
the  average  number  of  holes  drilled  with  the  SK  point  was  about  30  percent 
greater  than  with  the  SP  point,  a statistical  "t"  test,  which  takes  into 
account  the  scatter  and  the  difference  in  average  values,  yields  a "t”  value 
of  onlv  1.8.  This  is  indicative  that  the  difference  in  averages  observed  with 
the  present  data  is  not  significant. 

The  drill  life  results  are  presented  graphically  in  Figure  113  as  a function 
of  speed  and  feed.  Despite  the  rather  large  scatter  in  the  data,  there  is  an 
apparent  trend,  reflected  by  the  least  square  fit  of  the  Taylor  equation  to 
the  data,  of  increasing  tool  life  with  increasing  speed  and  feed.  A possible 
explanation  for  this  was  sought  in  the  variations  observed  in  the  drill 
geometry  (c.g.,  the  lip  relief  angle  ranged  from  7 to  14  degrees  about  a 
specified  10  +1  degree);  however,  no  correlations  with  landwear  were  found, 
this  anomalous  result  remains  unexplained  at  this  time  and  would  require  addi- 
tional tests,  conducted  on  a statistical  basis,  to  confirm  or  deny  the  positive 
slope,  and  to  determine  the  upper  limit  of  the  apparent  increasing  trend, 
rhe  latter  Vvould  be  determined  by  the  occurrence. 
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Figure  113.  Cobalt  HSS  drill  life  in  drilling  23/b4-inch-diameter  holes  in 
1. 1- inch- thick,  full-hard  y\l'1410  steel. 


of  discoloration  observed  on  the  drills  used  at  a speed  of  32.5  SFNl,  it  is 


estimated  that  accelerated  wear  because  of  overheating  should  be  encountered 
between  30  and  40  SFM  using  the  0.003  IPR  feed. 


Based  on  the  drilling  test  results,  the  optimum  drilling  speed  and  feed 
should  be  near  30  SFM  and  0.003  IPR,  respectively.  Under  these  conditions, 
a 1- inch-deep,  23/64- inch-diameter  hole  can  be  drilled  in  about  1 minute. 
This  compares  with  typical  drill  times  of  2 and  5 minutes  for  full-hard 
HP-9Ni-4Co  and  full-hard  DbAC  steels,  respectively  (Reference  5,  pages  237 
and  238).  Corresponding  tool  life  data  were  not  directly  available.  How- 
ever, data  available  (References,  page  86J  for  drilling  4340  steel,  heat 
treated  to  514  Bhn,  shows  that  a 1/4- inch-diameter  drill  can  travel  a dis- 
tance of  about  7 inches  at  a cutting  speed  of  30  SFM  and  a feed  of  0.002  IPR 
before  developing  a landwear  of  0.015  inch.  This  compares  with  about  44 
inches  of  travel  under  approximately  similar  conditions  in  full-hard 
(460  Bhn)  AF1410  as  estimated  by  the  least- square- fit  Taylor  equation  for 
0.008- inch  lanchvear. 


Drilling  0. 375- inch- diameter  holes  through  1-inch-thick  Ti-6A1-4V  with 
Cobalt  HSS  drills  is  typically  accomplished  in  2 minutes  with  a tool  life  of 
20  inches.  These  values  are  only  about  half  as  good  as  those  for  AF1410 
(as  previously  described)  indicating  that  the  drilling  machinability  of 
/\F1410  is  superior  to  that  of  Ti-6A1-4V. 

It  is  apparent  from  Figure  114  that  a feed  of  0.0032  IPK  combined  with  a 
speed  of  32.5  SFM  does  not  drill  holes  with  good  surface  integrity.  However, 
the  drilled  surfaces  arc  nevertheless  satisfactory  for  holes  that  arc  to  he 
subsequently  reamed  since  this  operation  will  more  than  remove  the  affected 
surface  metal.  Consequently,  when  drilling  is  to  be  followed  by  reaming, 
the  optimum  drilling  speed  and  feed  should  be  near  30  SFM  and  0.003  IPR, 
respectively,  as  indicated  previously  from  tool  wear  considerations.  If 
reaming  is  not  to  be  performed,  and  good  surface  integrity  is  required,  then 
the  use  of  lower  drilling  feeds  and  speeds,  such  as  0.001  IPR  and  14  SFM, 
is  indicated. 

Some  inprovement  should  also  be  exi^ected  from  the  use  of  flood  cooling 
which  should  be  more  effective  than  spray  mist  cooling,  especiall\’  for 
holes  with  high-depth-to-diameter  ratios,  such  as  the  drill  test  holes  in 
this  program.  In  such  holes,  it  is  difficult  to  get  spray  mist  to  pene- 
trate to  the  deeper  areas. 

A minimum  cost  estimate  for  drilling  23/64- inch-diameter  by  1.1-inch- 
deep  holes  in  full -hard  AF1410  steel  plate  is  presented  in  Table  d”.  This 
estimate  was  made  on  the  assumption  that  the  drilled  holes  are  to  be  sub- 
sequently reamed,  making  any  surface  integrity  discrepancies  introduced  by 
the  drilling  inconsequential. 
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Top  of  hole 
shows  plastic 
V deformat i on 


Bottom  of  hole 
shows  reverted 
austeni te 


0„0032  IPR,  32.5  SFM 
Drilled  hole 
no.  95,  part  8. 

(Co  HSS  drill 
with  S K point; 

120  RHR,  excessive 
reverted  austenite, 
and  laps;  13th  hole 
with  this  drill) 


I'igurc  114.  Sections  through  surfaces  of  2.3/h4-incli-di;iiiieter 
holes  drilled  in  full  hard  Al  111(1  steel  plate  (5()()x), 


Reaming 


The  results  of  the  reaming  test  on  23/64-inch  holes  drilled  in  1.1- inch 
thick,  full-hard  .4F1410  steel  plate  are  presented  in  Tables  52  and  53  for 
Cobalt  HSS  reamers  and  in  Tables  54  and  55  for  carbide  insert  reamers.  The 
tool  life  results  are  presented  graphically  in  Figures  115  and  116  for  the 
Cobalt  HSS  and  carbide  insert  reamers,  respectively. 

The  fit  of  the  Taylor  equation  to  the  Cobalt  HSS  reaming  data  is  seen  to  be 
rather  poor  with  a correlation  coefficient  of  only  0.424.  Asi  attempt  to  fit 
the  modified  Taylor  equation  to  the  data  yielded  an  improved  correlation 
coefficient  of  0.628,  but  the  resulting  curve  extrapolated  in  the  wrong 
direction  so  that  it  was  not  suitable  for  use  in  determining  optimum  machin- 
ing parameters.  This  situation  no  doubt  results  from  the  wide  scatter  in 
the  results  and  lack  of  data  at  high  speeds  where,  according  to  the  end- 
milling results,  wear  is  accelerated  beyond  that  indicated  by  the  Taylor 
equation. 

The  minimum  cost  results  presented  in  Table  47  show  that  cost  detueases 
with  increasing  feed.  However,  cutter  edge  chipping  at  higher  feed  rates  as 
well  as  poor  surface  integrity  will  no  doubt  limit  the  feed  rate.  Judging 
from  the  surface  integrity  quality  shown  in  Figure  117,  the  limiting  values 
of  feed  and  speed  feed  and  speed  for  Cobalt  HSS  reamers  should  be  near 
0.003  IPR  and  15  SFNl,  respectively. 

The  use  of  carbide  insert  reamers  for  reaming  was  somewhat  more  success- 
ful than  the  use  of  carbide  cutters  in  end  milling  and  drilling.  However, 
the  results,  as  shown  in  Figure  116,  are  still  disappointing.  The  tool  life 
is  well  below  that  for  the  Cobalt  HSS  reamers.  The  fit  of  the  Taylor 
equation  made  by  excluding  the  four  low  tool  life  points  still  indicates  the 
presence  of  considerable  scatter  in  the  data.  Use  of  the  resulting  tool 
life  equation  to  determine  minimum  cost  speeds  results  in  values  of  85,800 
SFNI  at  0.001  IPR,  and  342,000  SFM  at  0.004  IPR.  Tliese  values  are  obviously 
far  beyond  the  capability  of  the  test  equipment.  Further,  as  shown  in 
Figure  117,  the  surface  integrity  of  the  carbide  tool  reamed  holes  is  not 
good.  Consequently,  the  use  of  carbide  reamers  in  machining  .4F1410  steel  is 
not  considered  to  be  practical,  especially  in  view  of  the  far  better  per- 
formance of  the  much  lower  cost  Cobalt  HSS  reamers.  The  poor  perfonnance 
of  the  carbide  reamers  relativ^e  to  the  Cobalt  HSS  reamers  may  be  because  of 
excessive  heat  generation  (ste;im  was  observed  in  using  the  carbide  re;imers) . 

No  noticeable  heat  was  generated  with  the  Cobalt  HSS  reamers. 


Results  Tabulated  in  Handbook  Format 

The  machining  test  results  are  presented  in  Tables  44  , 4(),  49,  51),  53, 
and  54  in  the  format  used  by  the  Machining  Data  Handbook  (Reference  5) 
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Figure  11&-  Carbide  re^uner  life  in  reaming  3/ 8- inch-diameter 
by  1.1-inch-deep  holes  in  full-hard  /\}'1410  steel. 


0020  IPR,  3^  SFM,  reamed  hole  no„  76,  part  9 
C2  carbide  straight  reamer,  20  RHR,  intermittent 
ustenite  reversion;  1st  hole  with  reamer  C2-}A 

I i”urc  117,  Sections  throii^t;))  surraccs  of  3/8- incli-d iameter  holes  as  reamed 
in  full-hard  A1'1410  steel  jilate  (SOOx). 


in  oi'der  to  facilitate  coini')arison  of  the  .\1'1410  machining  results  of  this 
program  with  existing  results  on  various  materials  of  interest. 
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Optimum  Machining  Parameters  and  Costs 

The  optimum  machining  parameters,  as  estimated  from  the  results  of  this 
program,  are  summarized  in  Table  5b.  The  corresponding  machining  costs  are 
summarized  in  Table  57.  It  is  apparent,  on  the  basis  of  work  or  tool  travel, 
that  drilling  and  reaming  are  significantly  more  costly  operations  than  end 
milling  for  AF1410  steel.  The  cost  of  drilling  a hole  is  about  one-half  of 
that  for  reaming  it.  However,  if  the  hole  is  to  be  left  in  the  as-drilled 
condition,  wherein  surface  integrity  is  required,  then  the  cost  of  drilling 
the  hole  is  about  five  times  greater  because  of  the  slower  drilling  speed, 
resulting  in  higher  cost  than  the  combination  of  drilling  and  reaming. 

Machining  Comparisons 

Metal  removal  rates  and  tool  life  obtained  in  the  AF1410  steel  machin- 
ing tests  in  this  effort  and  those  reported  (Reference  5 and  various  aero- 
space firms)  for  titanium  and  D6AC  and  HP9-4-20  steel  alloys  are  presented 
in  Tables  58  through  bl . The  results,  as  summarized  in  Table  b2,  show  that 
the  rough  machinability  of  ,\F1410  steel  in  the  premachine  heat-treat  con- 
dition is  33.7  percent  better  than  the  best  value  for  annealed  titanium, 

120  percent  better  than  the  value  for  AF1410  in  the  as-received  mill  con- 
dition, 450  percent  better  than  the  value  for  HP9-4-.20  steel,  and  240  per- 
cent better  than  the  value  for  D6AC  steel.  These  results  indicate  achieve- 
ment of  the  goal  of  improving  the  rough  machinability  of  AI'IUO  to  enhance  its 
ability  to  be  substituted  for  titanium  on  a cost  basis. 

Machinability  of  /\F1410  in  the  full-hard  condition  is  somewhat  v^ariable 
when  compared  to  the  best  values  for  titanium  in  the  annealed  condition.  It 
is  23  percent  easier  to  end  mill,  32  percent  more  difficult  to  drill,  and 
5 percent  more  difficult  to  ream.  Although  no  attempt  was  made  to  modify- 
the  machinability  of  the  full-hard  .'\F1410  steel,  a significant  (190  per- 
cent) improvement  in  end-mill  cutter  life  is  indicated  for  A1H410  steel  that 
is  air  cooled  instead  of  water  quenched  (Table  48)  during  the  full -hard  heat 
treatment. 


Qiemical  Milling 

Two  fully  heat-treated  AF1410  specimens,  approximately  1 by  2 by  5 
inches,  were  submitted  to  Aerochem,  Inc,  Orange,  California,  for  chemical 
milling  tests.  The  specimens  were  masked  to  expose  1- inch-wide  strips  for 
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etching  in  the  short  transverse  and  longitudinal  directions.  This  allowed 
testing  of  several  chemical  milling  solutions  on  one  specimen  on  surfaces 
with  two  different  grain  orientations.  The  results,  presented  in  Fig- 
ures 118  and  119  and  in  Table  show  that  none  of  the  tested  chemical 
milling  solutions  were  ent_rely  satisfactory.  Solution  35,  normally  used 
for  nickel  alloys,  produced  the  highest  etch  rate,  but  also  gave  a poor 
surface  finish  with  extensive  ripples.  The  best  solution  of  the  group,  37, 
is  normally  used  for  Cobalt  base  alloys.  It  gave  a surface  finish  that  was 
smooth  except  for  moderate  pitting,  which  would  preclude  its  use  on  fatigue 
sensitive  parts.  However,  it  would  be  a good  starting  point  for  development 
of  an  etching  solution  specifically  for  .AF1410.  Such  effort  was  beyond  the 
scope  of  this  program. 


Shorl  transverse  surface 


Solution  35  (for  Cres  300  series) 


I'iniifo  118.  \p|i(.Mi';HiC(.'s  of  \I1110  stool  surfaoos  aftor  ohoniio;i  1 ini  1 1 inv 

tosts  (JnX). 


transverse  surface  Longitudinal 

Solution  37  (for  Cobalt  base  alloys;  e.q.,  Haynes  25) 
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Section  \’ 


TiiST  COMPONENT  EmiCATION 


The  underlying  theme  of  the  fabrication  plan  was  one  of  minimum  cost. 

To  accomplish  the  fabrication  with  this  in  mind,  a fabrication  sequence  was 
selected  liascd  on  perfoniiing  the  maximum  amoiuit  of  macliining  prior  to  heat 
treatment  (when  the  machinabi 1 ity  is  at  its  best),  ami  tlie  use  of  an  air  cool 
rather  a warpagc- indue ing  water  quench,  whicli  had  been  used  in  all  prior  work 
with  the  alloy.  The  knowledge  gained  in  the  mach inabi 1 ity  studies  was  applied 
to  the  machining  operations,  all  of  which  were  performed  on  a production 
machine  with  production  operators.  Innovative  approaches,  such  as  finish 
machining  the  majority  of  the  fitting  prior  to  heat  treatment,  were  adopted 
to  achieve  a minimum  fabrication- cost  sequence.  ITie  details  of  the  fabrica- 
tion sequence  used  to  manufacture  the  test  component  are  presented  in  this 
section. 


Forging  Procedure  and  Properties 


The  closed  die  forging  used  for  the  manufacture  of  the  test  comjionent 
was  furnished  by  the  Air  Force  and  was  produced  as  part  of  the  Production 
Melting  and  Thermomechanical  Processing  of  AF1410  steel  program  being  con- 
ducted concurrently  by  Universal-Cyclops  Specialty  Steel  Division  of  Cyclops 
Corporation.  The  as-received  forging  is  shown  being  dimensionally  checked 
at  Rockwell  in  Figure  120  Weight  of  the  forging  prior  to  any  machining 
operation  was  600  pounds. 

Actual  forging  of  the  component  was  accomplished  by  Alcoa -Cl eve land 
under  subcontract  to  Universal-Cyclops.  The  details  of  the  forging  are  con- 
tained in  Reference  8 . Four  closed  die  forgings  were  fabricated  in  the 
50,000-ton  press,  using  28,000  tons.  Three  blocking  operations  were  used, 
and  the  preheat  temperature  for  the  final  forging  operation  was  1,800°  F. 

No  difficulty  was  experienced  with  the  forgeability  of  the  alloy. 

The  four  forgings  were  subjected  to  the  premachining  heat  treatment 
(normalized  1,650°  F,  air  cool,  overaged  for  8 hours  at  1,250°  F,  air 
cooled)  and  subsequently  ultrasonically  inspected.  All  four  met  the 
class  A requirement  of  MIL- I -8950. 

One  of  the  forgings  was  destructively  tested  for  mechanical  properties 
by  Universal  Cyclops.  Eight  areas  exhibiting  the  lovxest  desigii  margins  were 
selected  for  test,  and  the  property (s)  of  most  concern  in  each  area  was 
measured.  These  eight  areas  were  excised  from  the  forging,  machined  to  the 
thickness  to  be  present  in  each  respective  area  at  time  of  the  hardening 
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heat  treatment,  and  subsequently  heat  treated  by  the  procedure  planned  for 
the  machined  test  component: 


1,500°  F for  1 hour,  air  cool 
-100°  F for  1 hour,  air  warm 
950°  F for  5 hours,  air  cool 

Specimens  were  then  machined  from  the  heat-treated  sections  and  tested.  The 
results,  shov\Ti  in  Table  04  together  with  the  desigii  minimums,  confirmed  the 
desired  properties  could  be  met  in  the  fitting  using  the  air  cool  rather  than 
the  water  quench  from  the  austenitizing  treatment.  Test  area  2 displayed 
FTU  and  FTi'  values  1 ksi  lower  than  the  design  minimum;  however,  the  design 
margin  in  this  area  was  substantial,  and  these  properties  were  therefore 
judged  acceptable. 


F.\BRICATia\  PL4.N' 


The  plan  for  the  manufacture  of  the  test  component  is  shown  in  the 
manufacturing  sequence  chart  of  Figure  121.  The  Wilson  profile  mill  was 
used  to  machine  the  pockets  and  webs,  as  well  as  the  peripheral  surfaces. 

A power  mill  was  employed  to  accomplish  the  machining  of  the  clevis  end  of 
component.  Prior  to  the  hardening  heat  treatment,  all  surfaces  were  machined 
to  finish  dimensions  except  the  lower  cap  and  clevis  surface;  these  two 
areas  were  machined  to  a plus  0.125  inch  to  allow  for  correction  of  heat- 
treatment  warjiage. 

Ihe  component  was  copper  plated  to  protect  the  finished  surfaces,  heat 
treated,  copper  plate  removed,  and  the  clevis  and  lower  cap  surfaces  machined 
to  final  dimension.  ITie  completed  component  was  subsequently  Ti-cad  plated, 
primed,  and  white  epox>’  top-coated  to  complete  the  fabrication  sequence. 


F.'XBRICATION  OF  TFST  COMPQMAT 

The  initial  machining  was  accomplished  on  a Wilson  profile  mill,  Fig- 
ure 122.  This  machine  uses  a wooden  pattern  (to  the  right  in  the  photo)  to 
guide  a stylus  which  controls  the  position  of  the  cutting  spindel.  Tlie  part 
to  be  machined  is  fastened  to  the  bed  under  the  cutting  spindel.  Tlie 
machine  pictured  has  three  cutting  positions;  only  one  was  used.  A view  of 
the  forging  fastened  to  the  bed  of  the  machine  prior  to  the  initial  cut  is 
shown  in  Figure  125.  A view  of  the  forging  being  milled  by  the  profiler  is 
shown  in  Figure  124.  Note  the  operator  guiding  the  stylus  along  t'j  pattern 
contours.  Cutting  of  the  clevis  area  with  the  j^ower  mill  is  pictured  in 
Figure  125.  A spray  m.ist  was  used  on  the  power  mill  for  cooling;  flood 


* 


'd;(:iiv\u:\i.  rR('ii>!:Rrii  s oi  kinc  swi  rt'  .xinnvioR  mircinc  (iHT.\i.\T,n  i\rni  siii.iiCTi-.n  trratmi  nt 


SlAinWINlW 


Hill  1 HOt  u r I Hg  sequence . 


Sv  'fl 

M ■■v>  1 

r ■ 

■ 

coolant  was  employed  on  the  profiler.  Ihe  machined  component  prior  to  heat 
treatment  is  shown  in  Figure  126.  All  surfaces  at  this  stage  of  the  manufac- 
ture were  to  finish  dimensions  except  the  top  and  bottom  surfaces  of  the 
lower  cap  (upon  which  the  component  is  sitting)  and  the  four  parallel  sur- 
faces comprising  the  clevis  on  the  left  of  the  part  as  pictured.  As  men- 
tioned earlier,  0.125  inch  was  added  to  each  of  these  surfaces  to  accommo- 
date any  heat- treatment  warpage  which  might  be  encountered. 

Heat  treatment  to  harden  the  component  was  performed  in  the  Gantry 
furnace  pictured  in  Figure  127.  This  furnace  is  part  of  the  heat- treatment 
facilities  of  Cal -Doran  Metallurgical  Services  of  Los  /\ngeles.  Prior  to 
heating,  the  component  was  given  a 0. 002-inch-thick  copper  plating  to  pro- 
tect the  surfaces  which  were  to  finish  dimension.  A thermocouple  was 
attached  to  the  thickest  portion,  and  the  component  was  placed  in  a pre- 
heat oven  operating  at  1,000°  F.  IVhen  the  attached  thermocouple  indicated 
1,000°  F had  been  achieved  (115  minutes),  the  component  was  transferred  to 
the  Gantry  furnace,  operating  at  1,525°  F.  Endothermic  atmosphere  was 
employed  to  prevent  the  copper  from  being  oxidized  iind  destroying  its  effec- 
tiveness. A period  of  3 hours  and  10  minutes  was  required  to  raise  the 
temperature  to  1,500°  F.  The  long  heat-up  time  was  because  of  the  highly 
reflective  copper  surface.  Ihe  component  was  t)ien  allowed  to  soak  between 
1,500°  to  1,525°  F for  1 hour,  after  which  it  was  lowered  into  the  air- 
quench  pit  in  the  floor.  Ihis  pit  has  a fan  at  the  bottom  to  provide 
forced  air  cooling.  A view  of  the  part  showing  the  method  of  supporting 
during  heat  treatment  is  shoym  in  Figure  128.  Ihe  conponent  was  supported, 
heavy  end  down,  by  a pin  through  a tooling  prolongation.  Steel  wool  was 
packed  into  the  thin  web  areas  in  an  effort  toyvard  equalizing  the  tempera- 
ture during  heat-up  ;ind  cool-doyv7i.  Upon  cooling  to  room  temperature,  the 
steel  wool  was  removed  and  the  component  subjected  to  a -100°  F bath  for 
1 hour.  Following  that,  a 950°  F ago  for  5 hours  was  accomplished,  com- 
pleting the  heat  treatment.  Results  of  the  furnace  control  couiions  wiyich 
accompanied  the  fitting  are  tabulated  in  Table  ('5  and  indicate  the  proper 
temperatures  had  been  achieved. 

Ihe  copper  plating  was  removed,  revealing  a bright,  shining  part  (Figure 
129).  1','arpagc  was  minor.  The  lower  cap  bowed  upward  (as  viewed  in  the 
photograph)  approximately  0.060  inch,  which  is  probably  the  result  of  different 
volume  changes  occurring  between  the  upper  and  lower  caps  because  of  their 
relative  differences  in  thickaiess.  The  clevis  closed  approx iimtel >•  0.030 
inch,  a condition  ydiich  could  easily  be  prevented  by  employing  a spacer  in 
this  area  during  heat  treatment.  Warpage  in  both  of  these  areas  was  well 
under  the  0.125- inch  al  loivance.  All  other  surfaces  remained  within  (.Irawing 
tolei-ancc  except  the  web  of  the  largest  iiocket  (the  fifth  iiocket  from  the  left 
in  Figure  129).  This  web,  which  was  machined  finished  to  0.120- inch  thick,  is 
a|iproximately  1-foot  square.  A dimensional  check  performed  subsciiuent  to  the 
-100°  F treatment  anil  prior  to  the  age  revealed  a "can"  in  this  web  with  a 
height  of  0.130  inch.  Two  steel  plates  1-inch  thick  wei’e  machined  to  fit 
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this  pocket,  clamped  into  place  with  a wedge  clamp  to  flatten  the  web,  and  the 
component  aged  with  the  plates  installed.  Subsequently,  the  plates  were 
removed,  the  component  again  dimensionally  checked,  and  the  can  in  tlie  web 
was  reduced  from  O.ISO  inch  to  O.O.SO  inch  by  this  age-straightening  procedure. 
Although  this  :imount  of  out-of-flatncss  was  outside  the  di’awing  requirement, 
a check  of  the  stress  analysis  for  this  area  indicated  the  component  should 
function  satisfactorily,  and  no  further  effort  was  made  to  eliminate  the  can. 

To  complete  the  machining  of  the  component,  the  attacliment  holes  along 
the  lower  cap  were  drilled  with  the  aid  of  a drill  jig  on  a radial  arm  drill 
press.  No  difficulties  were  encountered  in  drilling  t.he  hardened  steel.  The 
final  operation  was  machining  the  hole  in  the  clevis  on  a jig  bore  machine, 
pictured  in  Figure  130.  Note  the  curl-type  chip  obtained  in  the  boring 
operation.  Although  no  boring  operations  were  included  in  the  machinability 
studies  previously  discussed,  application  of  the  macliinability  knowledge 
gained  in  these  studies  to  the  boring  operation  proved  successful  in  avoiding 
any  difficulties  during  this  operation. 

A view  of  the  completed  inboard  wing  sweep  actuator  attach  fitting  is 
presented  in  Figure  131.  Press-fit  bushings  have  been  installed  in  the 
clevis  area  to  accept  the  bearing  loads  to  be  applied  by  the  large  loading 
pin;  up  to  150  tons  will  be  loaded  into  the  part  by  this  pin.  This  was  the 
configuration  of  the  fitting  at  the  beginning  of  the  four- lifetime  testing. 
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Section  VI 
COMPONIiNT  TliST 


To  validate  the  design  and  sizing  of  the  AF1410  test  component  for 
comparison  of  weight,  cost,  structural  characteristics,  and  service  life  with 
the  titanium  component  being  replaced,  a full-scale  component  test  was  con- 
ducted. A single  test  component  was  subjected  to  two  lifetimes  of  fatigue, 
two  lifetimes  of  damage -tolerance  cycling,  and  finally  a static  residual 
strength  test.  The  details  of  this  test  program,  together  with  the  results 
obtained,  are  presented  in  this  section. 


TEST  PLAN  AND  EQUIPMENT 

The  test  component  was  instrumented  with  15  axial  strain  gages,  three 
shear  gages,  and  one  deflectomer.  The  locations  of  the  gages  are  indicated 
in  Figure  132.  The  deflectomer  was  installed  adjacent  to  shear  gage  14  to 
monitor  the  "can"  which  was  present  in  this  web  as  a result  of  the  heat 
treatment.  Data  were  acquired  from  the  gages  with  the  aid  of  a digital  data 
acquisition  system. 

The  test  component  was  mounted  in  the  test  fixture  pictured  in  Figure  135. 
The  bolts  used  were  PH13-8-M  steel  at  220  ksi  strength  level,  the  same  as 
used  for  this  part  in  the  four  B- 1 flight  test  aircraft.  Two  cylinders  were 
employed  to  apply  negative  and  positive  loads  at  four  angles  to  the  base  of 
the  fixture.  A schematic  of  the  load  angles  applied  and  their  relationships 
to  the  wing  sweep  angles  is  shown  in  Figure  134.  By  simultaneously  applying 
negative  or  positive  hydraulic  pressure  in  the  two  cylinders  with  the  aid  of 
the  computer- actuated  servo  load  control  system,  the  desired  resultant  angle 
and  magnitude  was  achieved.  The  test  spectnuii  employed  in  the  testing  is  con- 
tained in  Appendix  E.  Four  tests  were  conducted  in  the  following  sequence: 

1.  Static  tests  to  maximum  spectrum  load 

2.  Fatigue  test 

3.  Damage- tolerance  test 

4.  Static  residual  strength  test,  limit  load,  and  failure 


INITIAI.  STATIC  TEST  ■ 

i 

The  static  test  to  maximum  spectrum  load  was  conducted  to  obtain  a survey 
of  all  strain  gages  to  insure  linear  behavior  of  the  test  component  was  being 
e.xper ienced.  Two  tests  were  conducted.  The  first  involved  a load  of 
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Figure  133.  Fatigue  test  apparatus. 


-280,000  pounds  at  an  angle  of  36  degrees  to  the  base  of  the  conponent 


(step  57  of  the  spectrum).  This  is  the  highest  load  imposed  on  the  component  > 

in  this  direction  in  the  fatigue  spectrum  and  occurs  only  once  every  100  mis-  f 

sions.  The  load  was  applied  in  20-percent  increments,  recording  the  strain  " 

gage  output  at  each  load  increment,  until  the  maximum  was  achieved.  Then  the  ) 

load  was  decreased  to  zero  in  20-percent  increments  with  strain-gage  data  ! 

taken  at  each  increment.  In  a similar  fashion,  a load  of  +305,000  pounds  at 

36  degrees  to  the  base  was  applied  at  20-percent  increments,  obtaining  strain- 

gage  data  at  each  increment.  These  data  were  then  analyzed  for  linearity  and 

compared  with  the  predicted  stresses  from  the  stress  analysis.  The  strain  at 

all  gages  was  linear  with  the  load  (strain-gage  data  are  contained  in  i 

Appendix  D) , and  the  measured  values  agree  well  with  the  predicted  (Table  66). 

The  test  component  and  fbcture  where  examined  for  evidence  of  any  damage;  none 
was  observed.  The  test  component  was  then  committed  to  the  two- lifetime 

fatigue  test,  and  the  cycling  per  the  spectrum  in  Appendix  H was  begun.  \ 

11  Oi  TWO-IJl-'liTlNO':  I'ATKiUi:  TbST 

One  lifetime  was  composed  of  1,280  missions.  Rate  of  testing  was 
approximately  5 minutes  per  mission.  As  part  of  the  test  plan,  the  test  was 
interrupted  at  one-half,  one,  1-1/4,  1-1/2,  and  1-3/4  lifetimes  for  bolthole 
inspection.  Rive  bolts  were  selected  at  random  and  removed  to  permit  visual 
inspection  of  the  holes  with  a borescope.  No  cracks  were  observed  in  any  of 
these  inspections.  Additionally,  a strain-gage  survey  was  conducted  at  the 
completion  of  the  first  and  second  lifetimes.  Hie  same  loads  were  used  as  in 
the  initial  survey,  and  no  change  in  any  gage  output  was  observed. 

During  the  first  lifetime,  at  mission  876,  a crack  was  observed  in  the 
fitting.  It  was  on  the  forward  return  flange,  beneath  the  clevis  (the  left 
end  of  the  com[)oncnt  as  viewed  in  I'igurc  131)  at  the  radius  where  the  vertical 
flange  fairs  into  the  lower  cap.  A view  of  the  crack  in  this  area  is  shown 
in  I'igurc  135,  looking  dow7i  onto  the  top  surface  of  the  lower  cap  (the  forward 
end  of  the  component  is  at  the  left).  The  crack  occurred  at  the  tangent 
point  of  the  radius  to  the  vertical  flange.  A small  geometric  discontinuity 
resulting  from  nuchining  (a  slight  undercut)  was  also  present  in  this  saine 
area.  .Another  view  of  this  sjune  crack,  observed  from  the  front  surface  of  the 
comiionent , is  pictured  in  figure  136.  The  slight  undercut  can  l)e  observed  in  , 

this  j)hoto  running  approximately  parallel  to  the  bottom  face  through  the  No.  5 j 

on  the  scale.  A pie-shaped  section  was  cut  to  remove  one-half  of  the  fracture  ; 

surface  for  cximiination.  The  fracture  is  pictured  in  I'igurc  137  and  clearly 
shows  the  fracture  mode  as  fatigue,  fatigue  striations  were  visible  entirely  ; 

across  the  area  excised  for  examination.  The  three  pronounced  striations  ; 

result  from  the  liigher  loading  v.hich  occurs  each  100  missions  and,  in  effect,  ; 

mark  the  extent  of  tlie  crack  at  the  end  of  100  missions.  Three  such  lines  are  j 

shown  in  this  photo,  indicating  that  300  missions  were  required  to  grow  the 
crack  to  the  length  pictured.  I'he  entire  crack  was  not  excised  (about  one-half 
is  showTi  in  the  i)hotograph ) , .so  it  was  not  possible  to  pcrfonii  a striation  j 
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count  on  the  fracture  to  ascertain  the  number  of  missions  required  to  cause 
the  crack  to  form.  It  was  estimated  that  the  crack  probably  initiated  after 
300  to  400  missions.  The  origin  of  the  fracture  is  shown  in  the  lower  right 
comer  of  Figure  137,  and  it  is  at  the  comer  marked  by  the  arrow  in 
Figure  135. 

The  fracture  origin  was  examined  metallurgical ly  to  determine  if  there 
were  any  anomalies  at  the  origin;  none  were  observed.  The  microstructure  was 
normal,  no  inclusions  were  observed,  and  the  hardness  was  the  expected  48. 
Several  photomicrographs  were  sent  to  Universal-Cyclops  Specialty  Steel 
Division  for  study  by  personnel  in  the  research  laboratory,  and  they  concurred 
with  the  conclusion  that  the  microstructure  at  the  fracture  origin  was  normal. 

A decision  was  made  to  remove  the  crack  and  to  repair  by  welding.  It 
was  recognized  that  the  fatigue  life  of  the  weld  deposit  would  be  inferior  to 
that  of  the  parent  metal  which  it  would  replace,  but  it  was  believed  that  the 
manufacturing  anomaly  present  at  this  location  probably  resulted  in  a signif- 
icant increase  in  stress,  and  that  the  removal  of  rhis  geometric  anomaly  would 
significantly  lower  the  stress  at  this  point.  The  crack  was  removed  by  grind- 
ing to  the  extent  shown  in  Figure  138.  Another  view  of  this  same  grindout  is 
presented  in  Figure  139.  To  assist  the  reader  in  orienting  to  locations  to  be 
described  subsequently,  it  would  be  well  for  the  reader  to  refer  back  to 
Figure  133.  The  side  of  the  component  facing  the  camera  in  this  photo  will  be 
referred  to  as  the  "south"  side;  that  facing  the  wall  will  be  termed  the 
"north"  side.  The  end  of  the  fitting  nearest  the  notation  "P"  on  the  fixture 
will  be  identified  as  the  "front"  or  "forward"  end.  Hence,  the  crack  which 
has  just  been  described  occurred  on  the  north  side  at  the  front  end  of  the 
test  component. 

Welding  was  accomplished  using  AIH4I0  filler  wire,  and  a series  of  small 
cross-section  passes  were  deposited  by  the  GTAW  process.  The  interpass 
temperature  was  maintained  below  300°  F.  The  weld  deposit  was  built  up  to  a 
minimimi  of  0.050  above  the  height  desired  to  provide  for  removal  of  the  last 
pass.  This  was  done  so  that  only  weld  deposits  which  had  seen  some  refinement 
by  the  heat  of  subsequent  weld  passes  would  be  present  in  the  completed 
repair.  After  welding,  the  area  was  blended  to  the  desired  geometry  by  the 
use  of  rotary  files  aiTd  emery  discs.  Radiographic  inspection  was  performed 
to  insure  a sound  weld.  The  component  was  subsequently  reinstalled  on  the 
test  apparatus,  and  the  fatigue  test  resumed. 

One  lifetime  (1,280  missions)  was  achieved  without  any  further  incident. 
At  this  point,  some  bolts  were  removed  to  pennit  inspection  of  the  holes,  and 
a strain-gage  survey  was  conducted  and  compared  with  data  obtained  on  the 
initial  survey.  No  damage  was  observed  in  the  holes,  and  no  change  was 
observed  in  the  strain  readings. 

Shortly  after  tlie  second  lifetime  testing  was  begun,  at  mission  1,52b, 
the  weld  repair  was  observed  to  be  cracked.  A photo  of  this  crack  is  shovvn  in 


{■igure  140.  Comparing  this  photo  with  the  previous  photos  showing  the  extent 
of  the  grindout  before  welding,  it  appears  the  crack  occurred  along  the  bottom 
edge  of  the  weld,  or  perhaps  in  the  heat-affected  zone  immediately  adjacent  to 
the  fusion  line.  It  also  became  apparent  that  the  stiffness  in  this  area  of 
the  component  was  inadequate,  allowing  excessive  deformations  to  occur  and 
resulting  in  high  stresses  in  this  local  area.  To  reduce  the  deflections  and 
thereby  lower  the  stresses  in  this  area,  a 0.300- inch  thick  gusset  was  welded 
in  place  as  shown  in  Figure  141.  The  same  welding  technique  was  used  as  in 
the  previous  weld;  i.e.,  GTAW,  AF1410  filler  metal,  small  weld  beads,  and  no 
postweld  thermal  treatment.  Inasmuch  as  the  component  is  roughly  symmetrical 
about  the  centerline,  consideration  was  given  to  also  welding  a gusset  on  the 
south  side  to  reduce  deflection  on  that  side  also.  However,  the  decision  was 
made  to  continue  testing  without  it  since  no  crack  had  yet  appeared  in  the 
parent  metal,  and,  perhaps  more  importantly,  it  would  have  been  necessary  to 
remove  the  component  from  the  test  fixture  to  accomplish  the  south-side  gusset 
weld  (the  north- side  gusset  was  welded  with  the  conponent  in  place;  access  was 
impaired  on  the  south  side). 

Cycling  was  resumed  at  mission  1,526.  At  mission  2,059,  a crack  appeared 
at  the  bottom  of  the  forward  flange  on  the  south  side,  virtually  identical  to 
the  one  in  this  area  on  the  north  side.  The  location  of  the  crack  is  indicated 
by  the  arrow  in  Figure  142.  The  component  was  removed  from  the  test  fixture, 
a gusset  was  welded  in  place  as  previously  described,  and  the  component  was 
reinstalled  in  the  test  apparatus.  Since  the  component  had  to  be  removed  for 
welding,  both  welds  were  radiographically  inspected,  and  some  repairs  were  made 
to  the  initial  gusset  welding  on  the  north  side  to  bring  this  weld  to 
rad iographic  standards . 

The  component  with  the  new  front-end  geometry  is  shown  in  Figure  143. 

I'our  areas  were  designated  as  "areas  of  concern"  for  close  monitoring  during 
the  remainder  of  the  cyclic  testing.  These  areas  are  at  the  ends  of  the  welds, 
experiencing  stress  levels  intended  only  for  parent  metal.  Inasmuch  as.  the 
fatigue  life  of  the  weld  deposit  is  significantly  lower  than  the  parent  metal, 
it  was  anticipated  that  cracking  may  develop  in  any  or  all  of  these  areas  during 
the  t\<io  lifetimes  of  cycling  yet  to  be  accomplished.  By  inspecting  these 
areas  frequently  while  under  a high  load  (highest  imposed  by  the  test  spec- 
trum) , it  was  anticipated  any  crack  which  developed  would  be  detected  while  it 
was  still  small  and  amenable  to  a simple  in-place  weld  repair. 

Jhe  component  was  reinstalled,  testing  was  resumed,  and  two  lifetimes 
(2,560  missions)  were  accomplished  without  further  incident.  This  completed 
the  planned  two- lifetime  fatigue  test. 

nil-;  TWO-l.lFin  tNtF  DAMAGli-lPIi-mNCl-:  TCST 

lb  prcjxire  the  component  for  the  damage- to lerjuice  test,  it  was  removed 
from  the  test  apparatus  to  permit  machining  of  four  crack-starter  notches  at 

281 


•m  ■ 


Jn 

i h[ 

1 ^ 

r 1 

A 

eS^ 

f 


locations  shown  in  1-iyure  144.  The  notches  were  machined  to  the  dimensions 
shown  by  electrical-discharge  machining  (EIW) ; all  were  0.015  to  0.020  inch 
wide.  The  boltholes  were  examined  and  found  to  be  free  of  damage,  and  the 
fitting  was  reinstalled.  A strain-gage  survey  was  again  conducted  and  com- 
pared with  the  original  survey;  no  changes  were  observed.  Subsequently,  the 
two  lifetimes  of  damage-tolerance  testing  was  commenced  at  mission  2,560. 
Iliroughout  the  duration  of  the  test,  periodic  inspections  were  made  of  the 
liOM  notches  to  detect  initiation  of  cracks. 

During  the  two- lifetime  damage -tolerance  testing,  cracking  occurred  in  the 
welds  at  three  locations,  areas  1,  2,  and  3 noted  in  Figure  143.  Areas  1 
and  2 were  repaired  after  3,495  missions,  and  area  three  was  repaired  at 
3,770  mission.  A second  repair  of  area  1 was  accomplished  at  mission  4,842. 

No  cracks  appeared  in  area  4 at  any  time.  Two  lifetimes  of  dajnage- tolerance 
testing  were  achieved  without  any  further  incidents,  thus  completing  the 
planned  four-lifetime , 5,120-mission  fatigue  test.  A summary  of  the  cracking 
incidents  and  when  they  occurred  throughout  the  four- lifetime  test  is  presented 
in  Figure  145. 

Natural  cracks  did  not  fonn  at  any  of  the  four  FDM  notches  after  two  life- 
times of  spectrum  loading.  Although  the  notches  in  themselves  represent  a 
significant  stress  concentration,  the  severity  was  insufficient  to  cause  crack- 
ing in  a material  as  tough  as  AF1410.  In  the  case  of  a complex  fitting  such 
as  the  chosen  test  component,  it  is  not  practical  to  precrack  each  EDM  flaw 
by  individual  load  application.  Nor  is  it  feasible  to  precrack  them  all 
simultaneously,  as  each  location  has  its  own  operating  stress  which  negates 
simultaneous  cracking  at  the  four  flaw  locations. 


FINITE-EUiMENT  ANALYSIS 

To  gain  a better  understanding  of  the  magnitude  of  the  stresses  in  the 
forward  end  of  the  fitting  where  cracking  occurred,  a NASTR/\N  finite -element 
analysis  was  performed.  The  NASTRAN  analysis  consisted  of  the  developmei\t  of 
NyXSTRAN  models  which  included  a coarse-grid  idealization  and  a refined-grid 
idealization  of  the  lower  flange. 

Prior  to  the  test  of  the  wing  sweep  actuator  fitting,  a coarse-grid 
Ny\STR/\N  finite-element  model  was  developed  as  a demonstration  aid  in  the  ase 
of  a new  interactive  graphic  display  system.  Figure  146  shows  the  isometric 
node  idealization  of  the  wing  sweep  support  fitting.  The  original  intention 
of  the  model  was  to  check  stress  levels  with  the  test  strain  gages  located  as 
shown  in  the  test  plan,  and  to  demonstrate  the  Rockwell  International  finite- 
element  modeler  (RIFEM)  NASTRAN  interactive  graphic  display  capability. 
Because  of  the  coarse-grid  distribution  of  the  model,  it  was  not  intended  to 
bo  used  to  obtain  a satisfactory  stress  definition  for  detailed  analysis  m 
the  lower  flange-web  region. 
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f igure  144.  Location  of  the  four  LDNl  notches. 
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Figure  145.  Summary  of  significant  events 
during  spectrum  testing. 
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idealisation  of  uing  sweep  actuator  support  fitting  developed  for 
rRAN/UlFtiM  interact  i\e  display. 


IXiring  the  fatiyue  test,  a crack  developed  in  the  region  where  the  for- 
ward shear  web  attaches  to  the  lower  flange.  From  visual  insi)ection  during 
load  application,  it  was  deteniiLted  that  the  fatigue  d;image  was  induced  hy 
localized  upward  bending  on  the  lower  flange.  To  nullify  the  fatigue  problem, 
additional  material  was  added  to  the  fonvard  vertical  web  to  relieve  the  high 
upward  bending  stress  concentration. 

To  obtain  a detailed  stress  distribution  map  in  the  region  of  the  crack- 
ing, iin  e.xpanded  five-grid  FEA  model  was  develo])ed  using  the  original  Rockwell 
MASTR‘\N/RIFF1.1  demons! I'at ion  model  as  a baseline.  lire  refined-grid  model  was 
expanded  from  186-  to  35.3-  grid  nodes  and  from  173  to  389  elements.  -Vn 
isometric  node  idealization  of  the  refined  FEA  model  is  shown  in  Figure  147. 


MODIiL  IDEALIZATION 

The  wing  sweep  actuator  fitting  was  idealized  using  rod,  membrane,  plate 
bending,  and  axial  bending  elements.  In  the  idealization,  symmetry  was 
assumed  through  the  centerline  of  the  fitting,  and  only  one-half  of  the 
structure  was  modeled.  All  flange  and  web  intersections  were  modeled 
assuming  normal -to -plane  intersections,  and  bend  fillets  were  not  considered. 

In  the  node  idealization,  grid  refinement  was  determined  on  the  basis  of 
detecting  local  stress  concentrations  which  could  precipitate  fatigue  dajiiage. 
Figure  148  details  the  grid  refinement  in  the  lower  forwfard  flange  region. 
Further  refinement  was  not  deemed  necessary  because  of  the  elastic  solution 
nrade  of  NASTRAN  and  the  simple  bending  plate  idealization  used  in  this  model. 

more  detailed  idealization  would  need  to  incorporate  solid  elements  and  be 
representative  of  intersection  fillet  bends. 

The  lug,  upper  flange,  shear  webs  (except  for  the  fonvard  lovver  flange 
transition  (Figure  149)1,  and  associated  stiffners  were  represented  using 
(IQDMliM  quadrilateral  and  CTRMEN  triangular  membrane  elements.  The  lower  flange 
which  attaches  to  the  wing  structure  was  idealized  with  CQU.'VDZ  quadrilateral 
and  CTRIA2  triangular  plate  bending  elements.  CONROD  and  CR\R  elements  were 
used  to  stabilize  the  vertical  webs. 

/\n  expanded  view  of  the  fitting  lug  region  idealization  is  shown  in 
I-igure  150.  Simulated  lug  bearing  loads  were  applied  in  the  model  by  use  of 
a cosine  load  distribution.  Single  point  and  multipoint  lower  flange  boundry 
constraints  simulated  the  actuator-fitting-to-wing-attachment  bolt  pattern 
and  reacted  out  applied  lug  loads. 


Ffv\  RHSLJLTS 

A plot  of  the  major  principal  bending  stresses  for  the  forward  lower 
flange  is  shown  in  Figures  151  and  152.  ’Hie  maximum  bending  stress  (239  ksi) 
occurs  at  the  intersection  of  the  forward  web  and  the  lower  flange  iind  is  in 


AST'vXN  node  idea  1 i na"'' ion  ot  louer  foruaid  ! lanj;e  region 


l igurc  149.  NASTR'N  element  idealization  - v\ii\t>  sweep  actuator  support  fitting. 


gurc*  150.  NASTRVJ  node  idealization  - lug  region. 


Figure  151.  Lower  flange  major  principal  bending  stress  (l()-’  psi)  top  plate  surface  ) !’  = 280 


gure  152.  Lower  flange  major  principal  bending  stress 


the  saine  identical  region  as  the  fatigue  crack  which  occurred  during  testing, 
fhe  indicated  maximum  stress  level  is  significantly  above  the  fatigue-critical 
level  for  /M’1410  steel. 


A distorted  disnlacement  plot  of  the  lower  flange  is  shown  in  I'igure  153. 
Maximiun  lower  flange  displacement  (0.030  inch)  occurs  at  the  free-edge  boundry 
where  the  lorward  vertical  web  intersects  the  lower  attachment  flange.  This 
displacement  appears  to  be  in  good  agreement  with  the  values  (0.030  to 
0.040  inch)  visually  estimated  during  the  fatigue  test. 

'Ilie  overall  results  show  that  significant  upward  bending  occurred 
during  the  maximum  negative  fatigue  condition  (-280  kips)  on  the  lower 
flange  - principally  at  the  intersection  of  the  forward  flange.  Because  of 
local  yielding,  the  chance  of  static  failure  is  negligible,  but  the  model 
results  clearly  show  that  this  area  is  fatigue  critical. 

A cursory  analysis  of  the  forward  area  with  the  added  (welded)  flange 
area  was  conducted  which  showed  a significant  reduction  in  deflection  and  the 
absence  of  the  high  stress  gradient  which  existed  prior  to  the  addition  of  the 
"gussets." 


STAITC  IthSIDll.U.  STRlMim  TllST 

The  static  residual  strength  test  was  comprised  of  three  steps:  (1)  a 
luiiit  load  of  -448,000  pounds,  (2)  a limit  load  of  bl5,000  pounds  (see 
figure  134  for  loading  direction),  and  (3)  loading  until  failure  occurs.  The 
first  ste[),  the  -448 ,000- pound  load,  was  accoitif?! ished  with  tiie  test  component 
installed  in  the  sane  fixture  used  to  conduct  the  spectiami  loading  tests. 

'llie  load  was  applied  at  a luiifonn  rate  until  the  level  of  -448,000  poimds  was 
achieved  (approximately  1-1/2  minutes  to  load).  I'hen  after  a brief  liold,  data 
were  taken  from  the  strain  gages,  followed  by  a slow  unloading.  Tliesc  data, 
presented  in  Appendix  D,  showed  no  evidence  of  nonlinearity  vv-ith  the  gage 
readings  taken  jicr  iodically  througliout  the  four- 1 i fet  ime  spectrum  tests,  and 
all  operating  gages  returned  to  zero  (within  experimental  error)  after  the 
load  was  released.  It  should  be  noted  that  gages  S,  7,  9,  13,  1.3,  and  10  were 
not  operational  during  this  limit  load  test.  .\o  audible  sounds  were  emitted 
by  the  test  component/f i xturc  during  the  loading  and  luiloading.  I’ost- 
inspect  ion  of  the  test  component  revealed  no  evidence  of  damage  to  the  com- 
ponent resulting  from  the  -448 ,0()()-])ound  limit  load. 

The  test  component,  togcthei'  with  the  tr iangular-sli.aped  fixture  to  which 
it  was  bolted  (figure  133),  was  removed  from  the  spec t nun- loading  ai)paratus 
and  installed  in  a 2 ,000 ,00('-pound  capacity  MIS  imiver.sal  testing  machine  for 
the  remaining  two  portions  of  the  static  residual  strength  test.  A piiotograph 
of  the  mstallation  is  shown  in  figure  154. 
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F-igure  153.  Distorted  displacement  plot  of  lower  flange. 
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load  test  were  repaired;  all  19  gages  were  functioning  for  the  positive  limit 
and  ultimate  load  tests. 

The  limit  load  of  615,000  pounds  was  applied,  and  the  strain  gage  outputs 
were  obtained;  then,  the  load  was  gradually  released.  The  gages  were  again 
read  to  observe  any  zero-shifts  which  might  have  occurred  due  to  yielding. 

Ai’  gages  indicated  strain  predicted  for  the  615,000-pound  limit  load,  and  no 
significant  zero  shift  was  observed.  The  strain  gage  data  are  presented  in 
j'^pendix  D.  At  this  point  in  the  residual  strength  testing,  the  test  com- 
ponent was  visually  inspected  for  evidence  of  damage;  none  was  apparent. 

The  load  was  then  reapplied,  increasing  gradually  until  the  design 
ultimate  load  of  922,000  pounds  was  obtained.  This  load  was  reached  without 
any  audible  emissions  or  other  indications  of  impending  failure  (the  test 
component  was  visually  monitored  during  loading  with  a closed-circuit  tele- 
vision camera).  The  load  was  held  for  a short  period  to  permit  recording  of 
strain-gage  outputs  (approximately  30-second  hold)  and  then  increased  until 
gross  yielding  became  apparent  at  a load  of  1,370,000  pounds.  At  this  point, 
the  load  was  lowered  to  zero  and  the  output  of  the  strain  gages  again  was 
recorded. 

Subsequent  examination  of  the  test  component  and  fixture  revealed  the 
large  hole  in  the  test  fLxture  which  picks  up  the  load  from  the  lower  clevis 
of  the  Nfl'S  machine  (the  lower  portion  of  the  load  train  as  shown  in  Figure  154) 
had  elongated  five-sixteenths  inch  and  that  the  limit  of  the  test  fixture  had 
been  reached.  The  strain-gage  data  obtained  after  the  1,370,000-pound  load  had 
been  released  (Appendix  D)  showed  clearly  that  pennanent  deformation  of  the 
test  component  occurred  in  several  locations.  However,  the  deformation  which 
occurred  at  the  maxunum  load  was  not  sufficient  to  result  in  a buckling  or 
crippling  failure  of  the  test  component.  Posttest  exajiiination  of  the  component  j 

revealed  no  gross  amount  of  deformation.  A photograph  of  the  fitting  showing 
its  "intact"  state  is  shown  in  Figure  155  (compare  with  the  photo  before  test- 
ing (Figure  131)).  A slight  buckling  of  the  vertical  flange  directly  below 
the  clevis  (the  flange  at  the  left  between  the  first  and  second  boltholes)  was  i 

apparent;  both  the  left  and  right  sides  had  assumed  a slight  S-shape.  The  '| 

degree  of  buckling  is  too  slight  to  be  visible  in  the  photograph.  Itic  test 
component  withstood  a load  1-1/2  times  the  design  ultimate  load  without  failing.  j 

i 
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Section  VII 


COST  AND  WilGHT  ANALYSIS 


COST  ANALYSIS 


Baseline  costs  for  the  "as-designed"  B-1  6A1-4V  titanium  wing  sweep 
actuator  attach  fitting  and  its  AF1410  modified  nickel  steel  counterpart  were 
generated  for  cost  comparison  using  the  data  outlined  in  Table  67. 

The  titanium  forging  was  procured  at  a weight  of  568  pounds  and  machined 
to  a finish  weight  of  175  pounds,  with  chip  removal  equal  to  393  pounds  and  a 
buy-to-fly  ratio  of  3.2.  ITie  forged  billet  was  procured  at  an  estimated  cost 
of  $13.70  per  pound. 

Ilie  iVl'1410  steel  forging  was  procured  at  a weight  of  600  pounds  and 
machined  to  a finish  weight  of  158  pounds,  with  chip  removal  equal  to  442 
pounds  for  a buy-to-fly  ratio  of  3.8.  This  forged  billet  vv/as  procured  at  an 
estimated  cost  of  $8.88  per  pound. 

Based  upon  machinab i 1 ity  data  obtained  from  the  engineering  laboratory 
and  highlighted  in  Section  IV  of  this  report,  the  rough  and  finish  machining 
rates  for  metal  removal  of  the  Al'141()  steel  have  been  estimated  to  be, 
respectively,  160  and  124  percent  greater  than  the  established  titanium  metal 
removal  rates  for  these  s;mie  operations.  The  estunatc  for  the  immufactur ing 
man-hours  of  the  .Vl'lllO  steel  was  based  upon  these  data. 

I'hc  cost  estimate  for  one  imit  and  the  cost  jirojcctions  for  a quantity 
of  300  units  are  shown  in  figure  156  and  Table  68.  Cost  data  are  reflected 
in  1977  dollars  and  are  consistent  with  the  data  provided  by  the  forged  billet 
suppl iers. 

Ihe  material  costs  for  the  6AI-4V  titaniimi  ;md  the  .\i'l4IO  modified  nickel 
steel  were  based  upon  the  average  cost  of  two  quotes  (one  for  each  material ) 
received  i rom  two  forging  sujijiliers.  Normal  material  ]n'ocurement  cost  l.\l’(d 
and  material  mortality  were  applied  to  the  supplier  furnislied  costs,  for  the 
production  iurnitity  (300  units),  the  costs  were  rim  down  a Crawford  cost- 
reduction  curve  (Cldi)  to  reflect  the  £uit  ic  ii)atcd  matcri;il  cost  reduction  in 
tjuant  itat  ive  buying. 

Ihe  hibor  costs  for  the  two  concepts  were  est im;ited  as  in-house  fabri- 
cation. .Vs  indicated  prcvioicsly,  the  titanium  concept  was  established  ;is  tlie 
baseline,  while  the  .Vl'lllO  steel  estimate  was  fiictored  ;is  ;i  ]iercentage  of  tlie 
titaniujii  estimated  machine  nm  time  based  iijran  the  relative  mach inabi  1 ity  of 
the  two  met;ils  :ind  the  required  iimount  of  metal  removal.  Ihe  decision  to  air- 
cool  the  Ai  1410  steel  during  the  hardening  hciit  treatment  allows  the  fitting 
to  be  m;ichined  virtually  in  its  entirety  prior  to  heat  treatment  and  while 
still  in  ;i  highly  machin;ible  condition. 


COSTS  300  UNIT  CUM  AV.  COST 


The  tooling  cost  is  broken  into  two  categories;  (1)  the  in-house  tooling 
required  to  assist  in  the  machining  of  the  forged  billet  to  the  required 
finished  drawing  dimensions,  and  (2)  the  tooling  required  by  the  forging 
suppliers  to  stanp  out  a forged  billet.  The  in-house  tooling  was  estimated 
internally,  while  the  forging  tooling  was  based  upon  the  average  of  two 
quotes  (one  each  for  the  titanium  and  Ald410  steel)  received  from  the  forged 
billet  suppliers. 

Ihc  cost  comparison  of  the  bAl-4V  titanium  and  the  AF1410  modified  nickel 
steel  reflects  a cost  savings  of  8.2  and  30.3  percent,  respectively,  for  the 
first  and  the  300th  average  unit,  favoring  the  AI’1410  steel  over  the  titanium. 
Ihe  variance  in  percentage  of  the  stated  quantities  is  answered  in  the 
f o 1 1 ow  i ng  {)a  rag  raph . 

Ihc  percentages  of  savings  for  the  three  cost  categories  (material, 
fabrication,  and  tooling),  although  essentially  the  same  for  the  first  and 
the  300th  taiits  (i.e.,  fabrication  (37  percent),  material  22-23  percent) , and 
tooling  3-4  percent)),  do  not  have  the  same  weighted  value  effect  at  these 
different  qiuintities.  For  example,  the  tooling  cost  at  the  first  unit  for 
both  concepts  is  approximately  85  percent  of  the  total  cost,  while  at  a quantity 
of  300  units,  the  tooling  is  approximately  7 percent  of  the  total  cost.  When 
weighted  against  the  material  cost  and  the  fabrication  cost  at  the  first  unit, 
the  85-pcrcent  tooling  cost  carries  a substantial  influence  in  reducing  the 
projected  savings.  V^Dien  weighted  against  the  production  quantity  of  300  units, 
the  tooling  cost  at  7 percent  of  the  total  cost  becomes  relatively  insignifi- 
cant when  compared  to  the  material  and  fabrication  cost,  thus  resulting  in  an 
increased  projected  percentage  of  savings.  The  reduction  in  tooling  cost  at 
the  larger  quantity  is  due  to  ajnort i zat ion  of  the  tooling  cost  over  the  entire 
production  buy. 

Ihe  cost  comparison  of  the  two  concepts  projects  a savings  of  $4,422  per 
fitting  at  a quantity  of  600  fittings  (two  per  aircraft),  favoring  the  AF1410 
modified  nickel  steel  concept  over  the  6A1-4V  titanium  concept  during  the 
acquisition  phase. 


i.ii'i:  c'.YCbi-:  COSTS 

Ihe  delta  cost  savings  for  the  .'\i-1410  steel  during  the  acquisition  phase 


300  aircraft  x 2 fittings  per  A/C  x $4,422  = $2,653,200 


In  addition  to  the  previously  outlined  projected  cost  savings,  there  is 
also  a suhstiintial  weight  savings  (Figure  157)  afforded  the  AF1410  steel 
fitting  when  compared  to  tlie  6A1-4V  titaniimi  fitting.  Based  upon  two  fittings 


gufc  157.  lVi/it>  sueep  iKtiintor  ueij>ht  cornpai' ison. 


per  aircraft,  total  weight  savings  is  34  pounds  per  aircraft.  'Ilie  cost  impact 
of  weight  savings  to  the  B-1  aircraft  can  be  divided  into  the  following 
categories. 


B-1  AIRLWr 

Lower  weight  of  the  B-1  with  constant  target  coverage  can  reduce  the 
number  of  B-i's  needed  to  meet  mission  requirements,  since  some  fuel  weight 
can  be  converted  to  weapons. 


savings 

I.owcr  weight  per  aircraft  means  less  specific  fuel  consumption  for  any 
given  peacetime  flying  mission. 


T/\NKt:R  FULL/miNl'IiNANCi: 

IxDwer  weight  coupled  with  constant  takeoff  gross  weight  of  the  B-I  and 
excess  fuel  capacity  means  that  fewer  tankers  can  meet  alert  status  require- 
ments for  wartime  missions. 

iTie  net  dollar  savings  of  the  preceding  categories  is  approximately  $2b0 
per  pound  per  aircraft  in  constant  1977  dollars.  This  is  based  upon  the 
preceding  cost-effectiveness  categories  for  10  years  of  peacetime  flying. 

The  cost  calculation  is  as  follows: 

Savmgs  = 34  (lb)  at  $260/lb  x 300  aircraft  = $2,652,000  (,1977  dollars) 

Total  savings  (.excluding  consideration  for  design,  test,  ;md  development 
costs) : 

[j  $2,652,000  (weight  savings)  (05S) 

|!  2,653,200  (acquisition) 

i|  $5,305,200  (cost  .savings  in  1977  dollars) 

1 

\ 
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Section  VIII 


SUMMARY  AND  CONCLUSIONS 


The  mechanical  properties  of  the  three  production  heats  of  AF1410  were 
found  to  be  uniform  from  heat  to  heat.  Plate  final  thickness  exhibited  no 
effect  on  properties,  and  no  anisotropy  was  observed  in  any  of  the  material 
tested  on  the  program.  The  products  of  the  three  production  heats  all  met 
the  target  minimum  properties,  and  on  an  equal  density  basis  exhibited 
properties  equal  or  superior  to  annealed  Ti-6A1-4V. 

For  section  thicknesses  less  than  1 inch,  air  cooling  from  austenitizing 
tenperature  was  shown  to  be  equivalent  to  warj^age- inducing  water  quenching 
in  developing  mechanical  properties.  Air  cooling  can  be  used  up  to  2 inches 
with  only  a slight  (7  percent)  reduction  in  static  properties.  The  use  of 
air  cooling,  with  the  attendant  absence  of  w'arpage,  permits  the  maximum 
use  of  the  excellent  machinability  of  AF1410  in  the  normalized  and  over-aged 
condition.  It  was  demonstrated  that  components  of  complex  geometn’’  can  be 
finish  machined  prior  to  Iieat  treatment  without  suffering  heat -treatment 
warjjage . 

Machining  parameters  were  developed  which  markcdl>-  increased  the  machin- 
ability of  /\F1410.  Use  of  these  parameters  in  the  fabrication  of  the  test 
corni^onent  from  a 600-pound,  closed  die  forging  has  demonstrated  the  excel- 
lent fabricability  of  the  steel.  Based  on  the  macliining  experience  attained 
in  the  fabrication  of  the  test  component,  together  with  forging  cost  data 
from  two  forging  suppliers,  it  was  estimated  that  a cost  saving  of  30.7 
percent  could  be  realized  for  the  B-1  inboard  wing  sweep  actuator  attach 
fitting  by  the  substitution  of  /\F1410  steel  for  annealed  Ti-6Al-4\  . 

Forgeability  of  the  steel  was  judged  to  be  good,  and  a closed  die 
forging  with  a buy/ fly  of  3.8/1  was  produced  vslthout  difficulty.  Mechanical 
properties  of  the  die  forging  in  eight  preselected  areas  all  met  the  mini- 
mum design  allowables  used  in  design  of  the  test  component. 

During  the  first  lifetime  of  fatigue  testing,  a fatigue  crack  developed 
in  one  area  of  the  fitting.  The  cracking  resulted  from  excessive  -leflect ions , 
and  was  corrected  by  welding  stiffening  webs  onto  tlie  test  coinpenent.  Hie 
weld  repairs  were  made  without  any  subsequent  heat  treatment,  and  the  success 
of  the  w'eld  repairs  demonstrates  the  field  repairaiii  I it>'  of  t!iis  steel.  A 
finite-element  analysis  conducted  subsequent  to  the  fatigue  test  of  the 
component  verified  that  higher  than  anticipated  stresses  existed  in  the 
area  of  fatigue  cracking,  and  that  the  welded- in  webs  lowered  these  stresses 
substantially. 
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Two  lifetimes  of  spectrum  loading  were  conducted  to  assess  the  damage 
tolerance  of  the  fitting.  notches  were  machined  in  four  locations,  and 

it  was  anticipated  cracks  would  develop  at  these  notches  and  permit  observa- 
tion of  crack-growth  rates.  Even  though  the  notches  were  as  sharp  as  possible 
to  produce  by  the  EDM  process,  no  cracks  developed. 

Subsequent  to  the  four- lifetimes  of  spectrum- load  fatigue  testing,  the 
test  component  w'as  subjected  to  a static  test  designed  to  determine  the 
residual  strength.  The  fitting  withstood  1.5  times  the  ultimate  design 
stress  without  failure,  the  test  being  terminated  because  of  limitations  of 
the  test  fixture.  No  cracking  occurred  in  any  areas  of  the  test  corniionent, 
which  attests  to  the  excellent  toughness/strength  properties  of  the  steel. 

Based  on  tJic  results  of  the  tests  and  analyses  conducted  during  the 
course  of  this  program,  it  is  concluded  that  .'\F1410  is  a lower-cost,  higher- 
strength,  higher- toughness,  lighter-weight  substitute  for  annealed  Ti-6A1-4V 
airframe  structural  components. 
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i Appendix  D 

STRAIN -GAGE  SURVI^S 

f 

! STRAIN- GAGE  SURVEY  PRIOR  TO  FIRST  MISSION 

( 

I The  strains  measured  on  each  gage,  and  the  calculated  stress,  prior  to 

I initiation  o£  the  fatigue  testing  are  contained  in  this  appendix.  Two 

j loads  were  used,  a positive  305,000  pounds  and  a negative  280,000  pounds. 

I Data  were  acquired  at  zero  load,  20  percent  steps  up  to  the  maximum,  20  per- 

I cent  steps  down  to  zero,  and  at  the  zero  return. 


SECTION 


BEFORE  FIRST  MISSION 

STRUCTURES  LAB.  RUSCTTE  SOLUTIONS 


condition;  LOCOSST  step  92  min  (P=505  K)  APR  11,1978 


gage:  1 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

i%) 

(U  IN/IN) 

(PSI ) 

0.0 

0. 

1. 

20.0 

112. 

3137. 

40.0 

232. 

6466. 

60.0 

356, 

10024. 

80.0 

492, 

13776. 

100.0 

634, 

17742. 

60.0 

400, 

11203. 

40.0 

271. 

7565. 

20.0 

139, 

3867. 

0.0 

* « n « * * 

9. 

* * * * 

242. 

gage: 

2 TYPE  Al-l 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(U  IN/IN). 

(PSI) 

0.0 

0. 

4. 

20.0 

96. 

2734. 

40.0 

214, 

5999, 

60.0 

340. 

9533, 

60.0 

471. 

13199, 

100.0 

606. 

16973, 

60.0 

390, 

10924. 

40.0 

261. 

7311. 

20.0 

126. 

3537. 

0.0 

* « * * 

11. 

296. 

gage:  3 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(») 

(U  IN/IN) 

(PSI) 

0.0 

1. 

31. 

20.0 

- 143  , 

-4006. 

40.0 

-337, 

-9436, 

60.0 

-543, 

-15216. 

60.0 

-755. 

-21127. 

100.0 

-959, 

-26651 . 

60.0 

-554, 

-15510. 

40.0 

-345, 

-9652. 

20.0 

-134, 

-3741. 

0.0 

***»*« 

60. 

* * * « 

1669. 

■^95 


condition;  LOCOSST  step  92  MIN  (P=305  K)  APR  11.1976 


gage: 

4 TYPE  Al*l 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(S) 

(U  IN/IN) 

<PSI) 

0.0 

0. 

4, 

20.0 

-200. 

-5566. 

40.0 

-393, 

-11016. 

60.0 

-586, 

-16419. 

60,0 

-777. 

-21769. 

100.0 

-966. 

-27039, 

60.0 

-578, 

-16179. 

40.0 

-378, 

-10566. 

20.0 

-161. 

-5078. 

0.0 

* * * * 

6. 

****** 

165. 

gage:  5 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD/ 

READING 

-SX- 

( * / 

(U  IN/IN) 

(PSI) 

0.0 

-1. 

-25, 

20.0 

-52. 

-1445. 

40.0 

-133, 

-3722. 

60.0 

-141, 

-3937. 

80,0 

-169, 

-4740. 

100.0 

-194. 

-5437. 

60,0 

-171. 

-4794, 

40.0 

-145, 

-4070, 

20.0 

-112. 

-3133 . 

0.0 

****** 

-74. 

* * * * 

-2061. 

gage:  6 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

reading 

-SX- 

Ci) 

(U  IN/IN) 

(PSI) 

0.0 

0. 

1. 

20.0 

340. 

9509. 

40.0 

660, 

16481. 

60.0 

976, 

27373, 

60.0 

1299, 

36372. 

100.0 

1626, 

45531, 

60.0 

1005, 

26150. 

40.0 

691. 

19338, 

20.0 

370. 

10366. 

0.0 

****** 

44. 

* * * * 

1233. 

39(1 


CONDITIONS  LOCOSST  STEP  92  MIN  (P=305  K»  APR  11,1978 


GAGE : 

6 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

»SX” 

(S) 

(U  IN/IN) 

(PSD 

0,0 

"0  , 

•0, 

20.0 

313. 

6776. 

40.0 

609. 

17043. 

60.0 

902. 

25257. 

60.0 

1200. 

33605. 

100.0 

1504. 

42113. 

60.0 

927. 

25953. 

40.0 

633. 

17712, 

20.0 

334. 

9364. 

C.O 

32. 

663. 

* * « « 

* * 

* * * * 

gage: 

10 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(«) 

(U  IN/INJ 

(PSD 

0,0 

-0. 

-0. 

20.0 

207. 

5703. 

40.0 

404. 

11298. 

60.0 

606. 

16974. 

80.0 

810. 

22677. 

100.0 

1015. 

28434, 

60.0 

627. 

17563. 

40.0 

426. 

11941. 

20.0 

223. 

6236. 

0,0 

17, 

462. 

* * V * 

* « 

* * * * 

gage: 

11  TYPE  Al-1 

MTI  CODE  S-01 

LOAD 

READING 

-SX- 

(X) 

(U  IN/IN) 

(PSD 

0,0 

0, 

5. 

20.0 

52, 

1453. 

40.0 

96. 

2667. 

60.0 

146. 

4081. 

80,0 

199, 

5583. 

100.0 

259, 

7246. 

60.0 

144, 

4027, 

40.0 

08, 

2472. 

20.0 

39, 

1104. 

0.0 

* * * * 

-10  . 

****** 

-290. 

condition;  LOCOSST  step  92  MIN  (Ps305  K)  APR  11»1978 


gage: 

12  TYPE  Sl-2 

MTL  CODE  S-01 

LOAD 

reading 

-SXY- 

(X) 

(U  IN/IN) 

(PSI) 

0.0 

0. 

1. 

20.0 

526. 

5576. 

>f0.0 

1003. 

10634. 

GO.O 

1504. 

15945. 

80.0 

2020. 

21415. 

100.0 

2538. 

26905. 

60.0 

1562. 

16558. 

40.0 

1062. 

11257. 

20.0 

569. 

6030  . 

0.0 

62. 

656. 

« ♦ * * 

***««* 

gage: 

13  TYPE  S2-2 

MTL  CODE  S-01 

LOAD 

reading 

-SXY- 

(X) 

(U  IN/IN) 

(PSI) 

0.0 

1. 

11. 

20.0 

>689, 

-7300. 

40.0 

>1330 . 

-14099. 

60.0 

-1965, 

>20834. 

80.0 

-2616, 

>27729. 

100.0 

-3278. 

-34752. 

60.0 

-1980, 

-20983. 

40.0 

-1334, 

-14142. 

20.0 

>681. 

-7215. 

0.0 

-19. 

-203, 

* * * * 

****** 

gage:  14 

TYPE  Sl-2 

MTL  CODE  S-01 

LOAD 

reading 

-SXY- 

{%) 

(U  IN/IN) 

(PSI) 

0.0 

0. 

2. 

20.0 

-545, 

-5772. 

40.0 

-1086, 

-11514, 

60.0 

-1635. 

-17330. 

80.0 

-2210. 

-23430. 

100.0 

-2806 , 

-29740. 

60.0 

-1631. 

-17288. 

40.0 

-1067, 

-11315. 

20.0 

-533. 

-5646 • 

0.0 

*«*»** 

-28 , 

« * * « 

-293. 

3!)S 


r: 


condition:  LOCOSST  step  92  min  (P=305  K)  APR  11,1978 


gage: 

15  TYPE  Al-l 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(%) 

<U  IN/IN) 

(PSI) 

0,0 

1. 

31. 

20.0 

-71. 

-1976. 

40.0 

-115. 

-3207. 

GO.O 

-155, 

-4331. 

60.0 

-196. 

-5482. 

100.0 

-236. 

-6606. 

60.0 

-160. 

-4492. 

40.0 

-129. 

-3609. 

20.0 

-89. 

-2465. 

0.0 

-31. 

-879. 

* * * * 

gage: 

16  TYPE  Al-l 

MTL  CODE  S-01 

load 

REAUINO 

-SX- 

(%) 

(U  IN/JN) 

(PSI ) 

0,0 

-1 . 

-26 . 

20.0 

-14. 

-401. 

40.0 

-116, 

-3244. 

60.0 

-165, 

-4612. 

60.0 

-204, 

-5712. 

100.0 

-249. 

-6973. 

60.0 

-210. 

-5673. 

40.0 

-189, 

-5283. 

20.0 

-170, 

-4773. 

0.0 

-171. 

-4800. 

* * * * 

gage:  17 

TYPE  Al-l 

MTL  CODE  S-01 

LOAD 

reading 

-sx- 

(U  IN/IN) 

(PSI  ) 

0.0 

0. 

1. 

20.0 

12. 

323. 

40.0 

20, 

564, 

60.0 

27. 

751. 

60.0 

29. 

605. 

100.0 

19. 

537. 

60.0 

34. 

966. 

40.0 

44, 

1233. 

20.0 

51. 

1421. 

0.0 

*««*** 

53, 

* * * * 

1475. 

condition;  LOCOSST  step  92  MIN  (P=305  K)  APR  11,1970 


gage; 

18  TYPE  Al-i 

MTL  CODE  : 

LOAD 

READING 

-SX- 

(«) 

(U  IN/IN) 

(PSI) 

0.0 

-1. 

-25. 

20.0 

314. 

8779. 

40.0 

619, 

17343, 

60.0 

922. 

25826, 

80.0 

1230, 

34444. 

100.0 

1542, 

43166, 

60.0 

948, 

26549. 

40.0 

644, 

16039. 

20.0 

341, 

9556, 

0,0 

* * * « 

38, 

****** 

1072. 

gage; 

19  TYPE  Sl-2 

MTL  CODE 

LOAD 

READING 

-SXY- 

{%) 

(U  IN/IN) 

(PSI) 

0,0 

0, 

0. 

20.0 

664, 

7042, 

40.0 

1283, 

13596. 

60.0 

1912. 

20269. 

60.0 

2561. 

27142. 

100.0 

3213, 

34057. 

60.0 

1900, 

20143, 

40.0 

1246. 

13226. 

20.0 

609. 

6450. 

0.0 

* * « * 

-21. 

****** 

-222. 

DEFL  transducer;  9001 


load 
(K) 

0.0 

20.0 

40.0 

60.0 

eo.o 

100.0 

60.0 

40.0 

20.0 
0.0 

****** 


deflection 

(INCHES) 
>0.000 
-0.000 
-0.002 
-0.005 
-0.005 
-0.004 
•0.004 
-0.004 
-0.004 
-0.004 


400 


BEFORE  FIRST  MISSION 

STKUCTUKtS  LAb  KUSLTTt  SOLUTIONS 

condition:  LOCOSST  step  67  MAX  (P=-280  K)  APR  llil978 


gage: 

1 TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

reading 

-sx- 

(K) 

(U  IN/IN) 

(PSI) 

0,0 

0. 

2. 

20,0 

33. 

912. 

40.0 

60. 

2251, 

GO.O 

121. 

3376, 

80,0 

172. 

4822. 

100,0 

216, 

6106. 

60,0 

160, 

4474. 

40.0 

122, 

3403. 

20.0 

56. 

1555. 

0,0 

* « * * 

10. 

» « * « « 

270. 

gage: 

2 TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

reading 

-SX- 

(X) 

(U  IN/IN) 

IPSI) 

0.0 

0. 

7. 

20.0 

30. 

636. 

40,0 

106, 

2977. 

60.0 

166. 

4717. 

80.0 

254, 

7099. 

100.0 

333, 

9320. 

60.0 

212. 

5948. 

40.0 

126, 

3593, 

20.0 

47. 

1318. 

0.0 

* * * * 

9. 

****** 

247. 

gage:  3 TYPE  Ai«l  MTL  CODE  S-01 


LOAD 

READING 

-SX- 

(X) 

(U  IN/IN) 

(PSD 

0,0 

9. 

246. 

20.0 

267. 

7473. 

40.0 

506. 

14164. 

60.0 

720, 

20156. 

60.0 

897, 

25109. 

100.0 

1034, 

26963. 

60.0 

586, 

16412. 

40.0 

367, 

10645. 

20.0 

179. 

5011, 

0.0 

* * * * 

-29. 

***** 

-623, 

101 

condition:  LOCOSST  step  57  max  (P=-208  K)  APR  11.1976 


gage:  4 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(%) 

(U  IN/JN) 

<PSI) 

0«0 

7. 

194, 

20.0 

251. 

7017. 

40.0 

494. 

13640, 

60.0 

726, 

20341, 

60,0 

981, 

27456. 

100.0 

1221. 

34174, 

60.0 

749. 

20963, 

40.0 

510. 

14266. 

20.0 

266. 

7445, 

0.0 

16, 

* « * * 

435. 

gage:  5 

TYPE  Al-i 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(«) 

(U  IN/IN) 

(PSI ) 

0.0 

1. 

29, 

20.0 

-1. 

-25. 

40.0 

-9. 

-266. 

60.0, 

6290. 

213690. 

80.0 

loa. 

3030. 

100,0 

122, 

3405. 

60.0 

135, 

3760, 

40.0 

131, 

3673, 

20.0 

106. 

2976, 

0.0 

«**)«[** 

59, 

* * * * 

1663. 

gage: 

6 TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(%> 

(U  IN/IN) 

(PSI ) 

0.0 

-2, 

-52, 

20.0 

-306, 

-3616. 

40,0 

-624, 

-17479. 

60,0 

-977, 

-27357, 

60,0 

-1356, 

-37956, 

100.0 

-1767, 

-49472. 

60,0 

-1093, 

-30596, 

40.0 

-729. 

-20423. 

20.0 

-376, 

-10572, 

0.0 

* « <*  * 

-29, 

****** 

-601. 

condition:  LOCOSST  step  57  max  (P=-20e  K)  APR  11.I978 


gage: 

6 TYPE  Al-i 

MTL  CODE 

LOAD 

reading 

-SX- 

(X) 

(U  IN/IN) 

(PSI ) 

0,0 

•2 , 

-54, 

20,0 

-264, 

-7941, 

40.0 

-576, 

-16123, 

GO.O 

-905, 

-25347, 

60.0 

-1253, 

-35060 , 

100,0 

-1631, 

-45669, 

G0,0 

-1006, 

-26155, 

40,0 

-668 , 

-18716, 

20,0 

-344, 

-9626 , 

0,0 

* * » * 

-22, 

****** 

-615, 

gage: 

10 

TYPE  Al-1 

MTL  CODE 

LOAD 

reading 

-SX  - 

(X) 

(U  IN/IN) 

(PSD 

0,0 

-1 » 

-27. 

20.0 

-193, 

-5407, 

40,0 

-393, 

-11002. 

60.0 

-617, 

-17266. 

80.0 

-869, 

-24332. 

100,0 

-1141, 

-31961, 

60,0 

-694. 

-19434, 

40,0 

-455, 

-12742. 

20,0 

-231, 

-6478, 

0.0 

-15, 

-426. 

* * * * 

* * 

* * * * 

gage: 

11 

TYPE  Al-l 

MTL  CODE 

LOAD 

READING 

-sx- 

{%) 

(U  IN/IN) 

(PSI) 

0.0 

-1 , 

-27. 

20.0 

-53. 

-1476. 

40.0 

-102. 

-2844, 

60.0 

-151, 

-4239. 

80.0 

-200. 

-5607, 

100.0 

-251, 

-7029. 

60,0 

-141, 

-3944, 

40,0 

-86, 

-2466. 

20.0 

-42, 

-1160. 

0.0 

* * * 

-0. 

****** 

-0. 

.1(13 


condition;  LOCOSST  step  57  max  <Ps-208  K)  APR  11,1978 


gage: 

12 

TYPE  Sl-2 

MTL  CODE  S-01 

LOAD 

READING 

-SXY- 

(X) 

(U  IN/IN) 

(PSI) 

0,0 

• 3, 

-3l , 

20.0 

-470, 

-4985. 

40.0 

-964, 

-10214. 

GO.O 

•1510. 

-16002. 

80.0 

-2128, 

-22555. 

100.0 

-2796, 

-29636, 

60.0 

-1733, 

-18369, 

40.0 

-1155, 

-12242. 

20.0 

-595, 

-6305. 

0.0 

-49, 

-517. 

* * * * 

* * 

* « * « 

gage: 

13 

TYPE  S2-2 

MTL  CODE  S-01 

LOAD 

READING 

-SXY- 

(X) 

(U  IN/IN) 

(PSI) 

0.0 

2, 

21. 

20.0 

634, 

6723. 

40.0 

1275, 

13520. 

60.0 

1941, 

20576, 

80,0 

2670, 

28306. 

100,0 

3444, 

36506. 

60.0 

2130, 

22583. 

40.0 

1428, 

15132., 

20.0 

736, 

7801. 

0.0 

42, 

446. 

* * * « 

*■  * 

* * * * 

gage: 

14 

TYPE  Sl-2 

MTL  CODE  S-01 

LOAD 

READING 

-SXY- 

(X) 

(U  IN/IN) 

(PSI) 

0.0 

1. 

12. 

20.0 

443, 

4692. 

40.0 

864, 

9163.  , 

60.0 

1249, 

13244.  j 

80.0 

1637, 

17357.  'i 

100.0 

1997, 

21168. 

60.0 

1276. 

13526.  ! 

40.0 

879. 

9321. 

20.0 

455, 

4819. 

0.0 

-8. 

-63. 

* * * * 

* * 

* * * » 

I condition;  LOCOSST  step  57  max  (P  = -208  K>  APR  Htl978 


gage:  15 

TYPE  Al-1 

MTL  CODE 

LOAD 

reading 

-SX- 

(Si) 

(U  IN/IM) 

(PSl) 

0.0 

*♦. 

107. 

20.0 

134, 

3750. 

40.0 

287, 

8035. 

60.0 

449, 

12562, 

80.0 

660, 

18481, 

100.0 

880, 

24642, 

60.0 

560, 

15669, 

40.0 

380, 

10633. 

20.0 

206, 

5759. 

0.0 

****** 

33, 

* * * * 

937. 

gage:  16 

TYPE  Al-1 

MTL  CODE 

LOAD 

reading 

-SX- 

1%) 

(U  IN/IN) 

(PSI) 

0.0 

1. 

27. 

20.0 

3. 

80. 

40.0 

-9. 

-241. 

60.0 

-24, 

-671 , 

80.0 

11. 

295. 

100.0 

35, 

993, 

60.0 

76, 

2120. 

40.0 

91, 

2549. 

20.0 

105, 

2952. 

0.0 

104, 

2925. 

*««*«**«4i« 


GAGE?  17 

TYPE  Al-1 

MTL  code 

LOAD 

reading 

-SX- 

{%) 

(U  IN/IN) 

(PSI) 

0.0 

-0, 

-0. 

20.0 

-8. 

-214. 

40.0 

-22. 

-616 . 

60.0 

-50. 

-1392. 

80,0 

-71. 

-1981, 

100.0 

-81 . 

-2276. 

60.0 

-50, 

-1392. 

40.0 

-37 , 

-1044, 

20.0 

-28  , 

-777. 

0.0 

-20. 

-562. 

*♦****«*** 


405 


i 


L 


<*  • . 


! 


condition;  LOCOSST  step  57  max  (Ps-208  K)  APR  lltl978 


gage: 

18  TYPE  Al-l 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(%) 

(U  IN/IN) 

(psn 

0.0 

•2, 

-54, 

20.0 

-318. 

-8776, 

90.0 

-828. 

-17579. 

80.0 

-954. 

-28703. 

80.0 

-1311. 

-36709. 

100.0 

-1879. 

-47013. 

80.0 

-1035, 

-28977. 

40.0 

-898 . 

-19478, 

20.0 

-361. 

-10114. 

0.0 

-21. 

-589, 

* « « * 

gage: 

19  TYPE  Sl-2 

MTL  CODE  S-01 

LOAD 

READING 

-SXY- 

CS) 

(U  IN/IN) 

(PSI) 

0.0 

1. 

11. 

20.0 

-563, 

-5973. 

40.0 

-1128. 

-11956. 

80.0 

-1670, 

-17707. 

80.0 

-2201, 

-23334. 

100.0 

-2712, 

-28750. 

80.0 

-1625. 

-17220. 

40.0 

-1084, 

-11491. 

20.0 

-531 . 

-5624, 

0.0 

45. 

476, 

* * * * 

DEFL  transducer:  9001 

LOAD 

DEFLECTION 

(Si) 

( INCHES) 

0,0 

-0.000 

20.0 

-0.000 

40,0 

-0.000 

80,0 

•0.000 

80,0 

o.oou 

100,0 

0 .000 

80.0 

-0,001 

40,0 

-0.002 

20,0 

-0,002 

0.0 

•0.002 

* * * * * 

* *41  * * 

STRAIN-GAGE  SURVEY  DURING  -448,000-PQUND  LIMIT  LOAD 


The  strain-gage  readings  and  corresponding  calculated  stresses  obtained 
during  the  -448,000  pound  limit  load  test  are  tabulated  in  the  following 
pages.  Gages  5,  7,  9,  13,  15,  and  16  were  inoperative  and  are  not  reported. 


STRUCTURES  LAR  ROSETTE  SOLUTIONS 


condition:  LOCOSST  (P=-448K)  LIVIT  LOAD  8/15/76 


gage: 

1 TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(«) 

(U  IN/IN) 

(PSI  ) 

0. 3 

-1. 

-27. 

100.0 

371. 

1037y. 

0 . 0 

t * * * 

8. 

****** 

214. 

gage:  2 

TYPE  Al-i 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(%) 

(U  IN/IN) 

(PSI  ) 

0.0 

1. 

27. 

100.0 

464. 

1 2985. 

0.3 

****** 

15. 

* * * * 

428. 

gage:  3 

TYPE  Al-l 

MTL  CODE  S-01 

LOAD 

READING 

- S X - 

(%) 

(U  IN/IN> 

IPSI  ) 

0.3 

0. 

0. 

100.0 

1676 . 

46932. 

0.0 

****** 

7. 

* * * * 

187. 

gage: 

4 TYPE  Al-l 

MTL  CODE  3-01 

LOAD 

reading 

-SX- 

(»» 

(U  IN/IN) 

(PSI  ) 

0.0 

1. 

27. 

100.0 

1837. 

51445. 

0.0 

* * * * 

19. 

****** 

535. 

I 


1 

i 


! 


I 


408 


A 


i 


STRUCTURES  LAB  ROSETTF  SOLUTIONS 


condition:  LOCOSST  (P  = -*»48K)  limit  load  8/15/78 


gagf:  g 

TYPE  Al-1 

MIL  CODF  S-01 

LOAD 

reading 

-SX- 

(%) 

(U  IN/IN) 

(PSI ) 

0.0 

-0. 

-0. 

100.0 

-2465. 

.6S030. 

0.0 

6. 

• * « « 

160. 

gage: 

8 TYPE  Al-l 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

<%) 

<U  IN/IN) 

<PSI  » 

0.0 

» 1 • 

-27. 

100.0 

-2268. 

-63504. 

0.0 

* « * * 

11. 

321. 

gage: 

10 

TYPE  Al-1 

MTL  CODF  S-01 

LOAD 

reading 

-SX- 

(%>) 

(U  IN/IN) 

(PSl  ) 

0.0 

-1. 

-27. 

100.0 

-1562. 

-44292. 

o 

• 

O 

15. 

42B. 

* ♦ ♦ ♦ 

* ♦ * ♦ 

gage: 

1 1 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

( a ) 

(U  IN/IN) 

(PSI  ) 

0.0 

1. 

27. 

100.0 

-374. 

-10462. 

0.0 

11. 

322. 

* « * * 

» * 

4 * * * 

gage:  12 

type  si-p 

MTL  CODE  S-01 

LOAD 

READING 

-SXY- 

(%) 

(U  IN/IN) 

(PSI  1 

0.0 

-0. 

-1  . 

100.0 

-3842. 

-40V25. 

0.0 

-3. 

♦ * ♦ ♦ 

-32. 

STRUCTURES  LAR  ROSETTE  SOLUTIONS 


condition:  LOCOSST  (P=-448K)  limit  load  8/15/78 


gage: 

14  TYPE  Sl-2 

MTL  COCE  S-01 

LOAD 

readimg 

-SXY- 

(St ) 

(U  IN/IN) 

(PSI  ) 

0.0 

-0. 

-1. 

100.0 

2589, 

27442. 

0.0 

* * * * 

36. 

****** 

377. 

gage: 

17  TYPE  Al-l 

MIL  CODE  S-01 

LOAD 

reading 

-SX- 

(St  ) 

(U  IN/IN) 

(PSI ) 

0.0 

-0. 

- 0 . 

100.0 

-105. 

-2943. 

0.0 

* * * * 

-19. 

****** 

-535. 

gage:  18 

TYPE  A]-l 

LOAD 

reading 

(St  ) 

(U  IN/IN) 

0.0 

0. 

100.0 

-2387. 

0.0 

-11. 

MTL  CODE  S-01 

-SX- 
(PSI  ) 

0. 

>88855. 

-P94. 


gage:  19 

TYPE  Si-2 

LOAD 

reading 

(%>) 

(U  IN/IN) 

0.0 

-0. 

1 00.0 

-3997. 

0.0 

-27. 

********** 


MTL  CODE  S-01 

-SXY- 
<PSI  ) 

“ 0 . 

-42365. 

-285. 


II 


DLFL  transducer:  9001 

LOAD  DEFLECTION 

(Sfc)  (INCHES) 

0.0  2,041 

100.0  2.008 

0.0  2.005 

********** 


STRUCTURES  LAB  ROSETTE  SOLUTIONS 


condition;  LOCCSST  (P=-4H8K)  LIMIT  LOAD  8/15/78 


gage:  ?o 

TYPE  Al-1 

MIL  CODE 

LOAD 

reading 

-SX- 

(Su) 

(U  IN/IN) 

(PSI ) 

0.0 

-4961. 

-1X891?. 

100.0 

-4961. 

-13891?. 

0.0 

« « 4.  * * * 

-4961. 

* * * 

-138912. 

gage:  ?1 

TYPE  Al-1 

MTL  CODE 

LOAD 

READING 

-SX- 

(%>) 

(U  IN/lN) 

(PSI  ) 

0.0 

3299. 

9237?. 

100.0 

3299. 

9237?. 

0.0 

« * » « * 4I 

3299. 

♦ * * » 

9237?. 

Stniin-gage  readings  during  the  +61 5, 000-pound  limit  load,  at  the 
922 ,000 -pound  ultimate  load,  and  at  the  maximum  load  obtained  in  the 
residual  strength  test  (1,370,000  pounds). 


I 


STRUCTURES  LAB  ROSETTE  SOLl/TIONS 
condition:  LOCOSST  ULT,  static  ♦PrfelSK  KIPS  AUG.  29.1976 


gage: 

1 TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

<U  IN/IN) 

-2, 

(PSI  > 

-51. 

67,0 
— — 0,0 

718. 

-9. 

20107. 

-236. 

(§} 100,0 

1068. 

7. 

*«***« 

29651. 

190. 

(Refer  to 

note) 

gage: 

2 TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

reading 

-SX- 

(X) 

(U  IN/IN) 

(PSI  ) 

0,0 

- 1 . 

-17. 

67,0 

669. 

18726. 

0,0 

-3. 

-96. 

100,0 

1017. 

28475. 

0,0 

-33. 

-926. 

* » * * 

gage:  3 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

reading 

-SX- 

(X) 

(U  IN/IN) 

(PSl  > 

0.0 

- 1 . 

-lb. 

67.0 

-2636. 

-73805. 

0.0 

3. 

92. 

100.0 

-3866. 

-108314. 

0.0 

*«*«:** 

-464. 

* * * * 

-12983. 

gage: 

4 TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

reading 

-SX- 

(X) 

(U  IN/IN) 

(PSI  ) 

0.0 

-1. 

-16. 

67.0 

-2690. 

-75315. 

0.0 

10. 

276. 

100.0 

-3689. 

-108686. 

0.0 

* « * * 

-062. 

-24143. 

\(T|'L:  ® Zero  reading  prior  to  start  of  test 

(S>  Reading  at  limit  load  of  bZZ.OOO  pounds 

CJ)  Zero  after  release  of  limit  load 

(S)  Reading  at  ultimate  load  of  922,000  pounds 

© Reading  after  release  of  the  hulx  load  achieved  (1  ,370,000) 


STRUCTURES  LAB  ROSETTE  SOLUTIONS 


condition:  LOCOSST  ULT,  static  +P=615K  kips  AUG.  29.1976 


GAGE  : 

5 

TYPE  Al-1 

MTL  CODE  ; 

LOAD 

reading 

-SX- 

(%) 

(U  IN/IN) 

(PSI  ) 

0.0 

0. 

3. 

67.0 

-196. 

-5487. 

0.0 

• 89  . 

-2487. 

100.0 

-338. 

-9450. 

0.0 

68. 

1905. 

* ♦ * ♦ 

* ♦ 

* * * * 

gage: 

6 

TYPE  Al-l 

MTL  CODE 

LOAD 

READING 

-SX- 

(%) 

(U  IN/IN> 

(PSI  ) 

0.0 

-1. 

-25. 

67.0 

3106. 

86971. 

0.0 

90. 

2518. 

100.0 

4833. 

13532?. 

0.0 

613. 

17155. 

* * * « 

♦ ♦ 

* * « « 

gage: 

7 

TYPE  Al-1 

MTL  CODE 

LOAD 

READING 

-SX- 

(%) 

(U  IN/IN) 

(PSI  » 

0.0 

0. 

6. 

67.0 

-119. 

-3338. 

0.0 

87. 

2440. 

100.0 

-317. 

-8875. 

0.0 

-227. 

-6361. 

* * * * 

* * 

* * * * 

GAGE  t 

e 

TYPE  Al-1 

MTL  CODE 

LOAD 

READING 

-SX- 

(X) 

(U  IN/IN) 

(PSI) 

0.0 

• 1 • 

-28. 

67.0 

2876. 

80526. 

0.0 

85, 

2379. 

100.0 

4512. 

126335. 

0.0 

816. 

22837. 

« * * * 

* * * « * 

414 

STRUCTURES  LAB 

1 

rosette  SOLUTIONS  | 

condition:  locosst 

ULT 

, STATIC  +P= 

615K  KIPS  AUG.  29,1978  | 

gage:: 

9 

TYPE  Al-1 

MTL  CODE  S-01  J 

LOAD 

READING 

-sx-  1 

t%) 

<U  IN/»N) 

(PSD  1 

0.0 

0. 

1* 

67,0 

-120. 

-3370.  1 

0,0 

28. 

777. 

100.0 

-25‘l. 

-7116. 

0.0 

-55. 

-1551. 

* * * * 

* * 

* * * * 

gage:: 

10 

TYPE  Al-1 

MTL  CODE  S-01  | 

LOAD 

READING 

-SX-  1 

(X) 

(U  IN/IN) 

(PSD  1 

0.0 

-0. 

-0.  I 

67,0 

1947. 

54516.  1 

0.0 

73. 

2031.  ■ 

100,0 

3054. 

855(J1.  ■ 

0.0 

3903. 

109273.  ; 

* * * * 

♦ ♦ 

* * * * 

. ? 

f, 

gage: 

11 

TYPE  Al-1 

MTL  CODE  S-01  1 

LOAD 

READING 

-sx-  1 

(%) 

<U  IN/IN) 

(PSD  ; 

0.0 

-1. 

-25.  i 

67,0 

607. 

16985.  j 

0.0 

14. 

404.  ; 

100.0 

958. 

26816. 

0.0 

788. 

22075.  { 

* * * * 

* * 

* * * * 

i' 

gage: 

12 

TYPE  Sl-2 

MTL  CODE  S-01 

LOAD 

reading 

-SXY-  i 

(X) 

<U  IN/INJ 

(PSD  1 

0.0 

-1. 

-10.  H 

67.0 

4833. 

51233.  t 

0.0 

135. 

1434. 

100.0 

7501. 

79510.  1; 

0.0 

5036. 

53382. 

* * « * 

* * 

* « * * 

ns 

^ ! 

f 

I 


I 


STRUCTURES  LAB  ROSETTE  SOLUTIONS 
condition:  LOCOSST  ULT.  static  ♦P=6I5K  kips  AUG.  29.1978 


gage:  13 

TYPE  S2-2 

MTL  CODE  S-01 

LOAD 

reading 

-SXY- 

(%) 

(U  IN/IN) 

(PSI  ) 

0.0 

-1. 

-11. 

67.0 

-6216. 

-65913. 

0.0 

-121. 

-1279. 

100.0 

-9695. 

-102763. 

0.0 

****** 

65796. 

* * * * 

154012. 

gage:  14 

TYPE  Sl-2 

MTL  CODE  S-01 

LOAD 

reading 

-SXY- 

(%) 

(U  IN/IN) 

(PSI  ) 

0.0 

-1. 

-10. 

67.0 

-5246 . 

-55G03. 

0.0 

-47. 

-493. 

100.0 

-8155. 

-86448. 

0.0 

****** 

-710. 

* * * * 

-7527. 

gage:  15 

TYPE  Al-l 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(%) 

(U  IN/IN) 

<PSI  ) 

0.0 

0. 

2. 

67.0 

-917. 

-25689. 

0.0 

-54. 

-1522. 

100.0 

-1473. 

-41247. 

0.0 

****** 

-185. 

* * * * 

-5184. 

gage:  16 

TYPE  Al-l 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(%) 

(U  IN/IN) 

(PSI  ) 

0.0 

-0. 

• 0 . 

67.0 

-158. 

-4425. 

0.0 

56. 

1555. 

100.0 

-172. 

-4827. 

0.0 

568. 

15902. 

♦ ♦ ♦ * 

Uh 


^ ■ ■ 


STRUCTURES  LAB  ROSETTE  SOLUTIONS 


condition:  LOCOSST  ULT.  static  -fPrSlSK  KIPS  AUG.  29.1976 


gage:  17 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

<X) 

(U  IN/IN) 

<PSI  ) 

0,0 

0. 

1. 

67,0 

-43. 

-1202. 

0,0 

23. 

642. 

100,0 

-195. 

-5452. 

0,0 

-251. 

* « * * 

-7029. 

gage:  18 

TYPE  Al-1 

MTL  CODE  S-01 

LOAD 

READING 

-SX- 

(%) 

(U  IN/IN) 

(PSI  ) 

0.0 

0. 

0. 

67.0 

2883. 

80719. 

0.0 

68. 

1898. 

100.0 

4398. 

123149. 

0.0 

1743. 

* * * * 

48616. 

gage:  19 

TYPE  Sl-2 

MTL  CODF  S-01 

LOAD 

READING 

-SXY- 

(%) 

(U  IN/IN) 

(PSI  ) 

0.0 

- 1 . 

-11  . 

67.0 

5734. 

60784. 

0.0 

39. 

411. 

100.0 

8520. 

90311. 

0,0 

****** 

65155. 

* * * * 

153904. 

DEFL  transducer:  9001 


LOAD 

(%) 

0.0 

67.0 

0.0 

100.0 

0.0 


DEFLECTION 
( INCHES) 
0.000 
-0,017 
-0,004 
-0,025 
-0,070 


417 


TABLl:  IM 

WING  SWHHP  ACTUATOR  ATrACll  I-TTITNG  TllST  SPUCTOUM  FOR  LOGOSST 
PROGRAM  full-scali;  TIIST  (COM") 


MISSION 

SEGMENT 


LOAD  IN  KIPS  CYCLES/ 

MAXIMUM  I MINIMUM  MISSION 


TERRAIN  FOLLOW. 85 


67.5  GUST 


FLY  UP 


67.5  I 3.0G 


IG 

-244.10 

IG 

-211.45 

TERRAIN  FOLLOW  .85 

67.5 

MANEUVER 

TERRAIN  FOLLOW  .95 

67.5 

GUST 

MANEUVER 

WING  SWEEP 

IG 

TERRAIN  FOLLOW  .55 

55 

GUST 

TERRAIN  FOLLOW  .55 

55 

GUST 

90.55 

8A.03 

72.27 

59.22 


79 

68 


96.10 

76.55 

58.51 


-6A.97 

•151.26 

•130.21 

•112.17 


15.04 

35.84 

52.48 

66.36 


-80.23 

-69.06 

-87.09 

-102.35 

-116.37 

-127.46 


70 

CM 

73 

68 

75 

64 

79 

56 

85 

36 

93.32 

56.03 


44.87 

25.33 

10.23 

1.21 

29.14 

8.09 

-9.95 


0.01 
0.10 
1 .00 
10.00 
10.00 
0.01 
0.10 
1 .00 
10.00 
10.00 


1.00 
1 .00 


1 .00 
11.00 
15. 
10. 

5. 


0.0) 
0.10 
1 .00 
0. 

0. 

10.00 


r 


rmi;  i;-i 


WINC,  Sl\i:r.P  ACniATOR  AITACII  l-I TTINC.  Tl'iST  SPiri'RlJI'l  I-OR  im)SST 
PRCX'.RAM  PULL -SCALP  TP:ST  (CONri  ) 


LOAD  IN  KIPS  CYCLE/ 

MAXIMUM  I MINIMUM  MISSION 


STEP 

MISSION 

H 

LOAD  IN  KIPS 

CYCLES/ 

SEGMENT 

MAXIMUM 

MINIMUM 

MISSION 

ni 

WING  SWEEP 

15 

H 

28.93 

28.93 

0.10 

25 

00 

-71 .48 

0.10 

123 

SUBSONIC  CLIMB 

25 

MANEUVER 

-2A.79 

9.16 

0.10 

12if 

WING  SWEEP 

25 

IG 

■srei 

0.10 

125 

15 

0.10 

■Ql 

PRE-LANDING 

15 

MANEUVER 

UKSBM 

135.97 

0.10 

■^1 

mBwm 

89.93 

0. 10 

128 

GROUND 

15 

TAXI 

0.28 

0.13 

0.10 

i 

! 


I 


*U.S. Government  Printing  Office:  1979  — 657-002/473 


